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ABSTRACT

This report covers the work done in the Department of Physics of

Oklahoma State University under contract number DAAG 2Q-S0-C-0032 supported

by the U.S. Army Research Office, Research Triangle Park, North Carolina

from January 15, 1979 through January 14, 1982. The research involves the

utilization of laser optics techniques such as time-resolved site-selection

spectroscopy, photoacoustic spectroscopy, and four-wave mixing spectroscopy

to characterize dynamical optical properties such as energy transfer and

radiationless relaxation processes in phosphor and laser materials. The

materials investigated included stoichiometric laser materials such as

neodymium pentaphosphate and neodymium aluminum borate, and lightly doped

laser materials such as neodymium doped yttrium vanadate, garnets and

zdasses. In addition, several theoretical approaches and computer modeling

techniques were developed for analyzing the properties of energy transfer

among ions in solids. Some of the important results obtained in this work

include the direct measurement of the exciton diffusion coefficient in

Nd La P cr-stals, the measurement of the *iuantum efficiency of Ndo
x t-x 3 14

in various hosts. and the development of Monte Carlo modeling techniques

for describing enerev migration on a random lattice.
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I. INTRODUCTION

The purpose of ctis research was to enhance our understanding of the

dynamical properties of optically pumped solids having potential applications

as laser and phosphcr materials. The major research goals stated in the

original proposal have all essentially-been accomplished. The important

results obtained during the three years of this contract are briefly outlined

in this section and presented in detail in the remainder of the report.

I.1 Summary of Research Accomplishments

The research work performed under this contract can be divided into

four thrust areas as listed in Table I. The first of these is Materials

Characterization. It is important to compile as much information as possible

about the properties of optically active materials to be available when

specific design requirements are generated. This is especially important

in a field zuch as electro-optic technology which is advancing rapidly and

finding many new applications. The second thrust area is to obtain a better

understandirg of the fundamental physical processes underlying the optical

properties of active materials. Of special interest are processes which

lead to the enhancement or quenching of the optical emission. The third

thrust area is the development of new theoretical approaches and computer

modeling techniques to provide greater accuracy in interpreting experimental

data obtained on energy transfer among ions in solids. This has become

especially important with the availability of microcomputers which can be

easily interfaced to laboratory equipment for data acquisition and analysis.

The ability to use a three-pronged attack on a problem iuivolving experi-

mental, theoretical. and modeling work provides a powerful method for in-

vestigating the physical properties of solids. The final thrust area is

the development of new experimental techniques. These involve using the
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Table 1

Research Thrust Areas

CHARACTERIZATION OF MATERIALS DEVELOPMENT OF THEORETICAL AND
MODELING TECHNIQUES

NdxY 1xP5014 Monte Carlo methods for energy migrationon a random lattice
NdxLa ~PO1
x Lx 5014 Fast diffusion energy transfer with direct

NdAl3(BO3 )4 interaction

YVO :Nd3 +  Energy transfer on a discrete lattice

Y Al 0 :Nd 3+ Theory of degenerate four-wave mixing forX 5 12 3diffusion measurements
Y,(A Ga 0 :Nd3Y(A 0 .5Ga0 .5) 5 12

:

Nd GaO3 :5 12

Nd:Silicate glass

Nd:Germinate glass

Nd:Phosphate glass

Nd:Pentaphosphate glass

Eux Y -x 5 014

Al 20 3Cr
3

UNDERSTANDING OF PHYSICAL DEVELOPMENT OF EXPERIMENTAL TECHNIQUES
PHENOMENA

Exciton dynamics Time-Resolved Site-Selection Spectroscopy

Ion-ion interaction Photoacoustic Spectroscopy

Radiationless and vibronic High Pressure Spectroscopy
decay processes

Four-wave mixing spectroscopy
Concentration quenching



special properties of lasers in new spectroscopy methods.

The materials characterization effort focused on Nd3+-doped samples,

especially mixed pentaphosphate crystals, mixed garnet crystals, and glasses.

Other samples wh-ch we initially anticipated studying were not investigated

because of the lack of rt-.ie and the greater interest in those materials

which were chosen to study. Three results of major interest came from this

work. The first is a better understanding of the low quantum efficiency

of YAG:Nd3 laser crystals. Our phtoacoustic work described in Sec. V.1

verified the quantum efficiency of controversy in the literature. This result

coupled with the results of the work performed on our previous Army contract

(DAAG 29-76-G-009) showing that efficient energy transfer takes place among

Nd3 - ions in nonequivalent crystal field sites in this material has led

Dr. L.C. DeShaser of Hughes Research Laboratories to perform an investigation

of the effects of hydroxal ions in YAG crystals and he has developed a model

attributing the low quantum efficiency to energy migration and transfer

to "killer sites" which are Nd°  ions near to hydroxyl ions. This points

the way to new crystal growth and heat treatment nethods which will greatly

improve the efficiency of YAG lasers.

The second result of major importance is a better understanding of

the concentration quenching mechanisms in stoichiometric laser materials

such as NdP 0 The various measurements performed for the characteri:ation

of this type of material are reported in Sec. III. The final results indicate

that below about 105 Nd3 - concentration, ion-ion cross-relaxation causes

the fluorescence quenching whereas at higher concentrations the quenching

occurs by efficient migration to killer sites. These sites are not associated

with hydroxal ions and approximately 10', of them may be surface sites. The

exact nature of these defect centers has not yet been determined.

The third important result involved with material characterization

is described in Sec. TV.3. where the properties of energy transfer among
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Nd3 + ions in different types of glass hosts are discussed. The efficiency

of energy transfer is found to vary with host composition as the spectral

overlap and Judd-Ofelt parameters change. Also the phonon-assisted nature

of the energy transfer is found to be very sensitive to the type of glass

host involved.

One of the major goals in the thrust area of understanding physical

phenomena was to elucidate properties of energy migration in heavily doped

materials. Studies of mixed neodymium pentaphosphate crystals described

in Sec. 111.3 show that at room temperature migration occurs by a diffusive

mechanism. Spatial migration takes place without spectral transfer and the

excitons travel over distances of the order of 0.3 Pm. Time did not permit

extending these measurements to low temperatures to attempt to observe

coherent migration but this work will be careied out in the near future.

For other rare-earth pentaphosphates such as Eu3_ it was found that spectral

energy transfer takes place by a single step process at both high and low

temperatures (see Sec. 11.2).

The two results of greatest importance in the are of theory and modeling

techniques involved the development of methods for using microcomputers

such as our LSI-11 system for doing complex simulations of physical situa-

tions. The first of these uses a Monte Carlo method for describing energy

migration among ions on a random lattice. It is shown in Sec. II.1 that

explicitly accounting for the random nature of the distribution of ions

in this way can result in values for energy transfer parameters which differ

by a factor of two from those obtained from analytical theories which assume

a uniform distribution of ions. The second modeling technique involves

explicitly accounting for the discrete structure of the lattice in describing

single step energy transfer. The work described in Sec. 11.2 show that for

low concentrations of active ions the results are equivalent to those found

from analytical expressions which are obtained after making a continuum

6



lattice approximation. However, for highly concentrated materials there

can be more than an order of magnitude difference in the parameters predicted

by the two approaches.

Three major areas were developed involving new experimental techniques.

The first of these was the use of photoacoustic spectroscopy to measure

quantum efficiencies of laser materials as described in Sec. V.I. Although

it was shown that this can be done, the technique is not more accurate or

easy to perform than other methods currently in use. In Secs. 111.2 and

V.2 spectroscopy methods using high pressure diamond cells in conjunction

with laser excitation sources are discussed. Pressure measurements add

a new parameter to vary in spectroscopic studies along with temperature,

concentration and time. The ability to highly focus laser light makes a

laser an ideal source to use with small diamond anvil cells. This has

greatly enhanced the potential importance of high pressure spectroscopy.

Four-wave mixing spectroscopy was developed to establish and prove transient

gratings in doped solids as described in Sec. 111.3. This has distinct

advantages over other coherent transient techniques such as free induction

decay since the mestastable state under investigation does not have to be

pumped directly. This is a powerful tool for measuring spatial migration

of energy without spectral diffusion and our results represent the first

direct measurement in the exciton diffusion length of a stoichiometric laser

material. In addition to the development of specific experimental methods

as discussed above, much time was spent in interfacing our LSI-11 micro-

computer system to our laboratory equipment. This has greatly extended

the capabilities efficiency with which data can be acquired and analyzed.

1.2 Publications and Personnel

The work performed during the three years of this contract resulted

in ten publications and twenty-five unpublished presentations and colloquia.

These are listed in Table II.
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The personnel making major contributions to this work include the

principal investigator, Richard C. Powell, professor of physics, and two

graduate research assistants C.M. Lawson and D.K. Sardar who received their

doctoral degrees during this time period. Their theses are listed in Table

II. One other graduate student, J.K. Tyminski, as well as three under-

graduate students, D.P. Neikirk, E.E. Freed, and G.P. Quarles, have been

supported by this contract. Two visiting professors in the Physics Department

also worked on this project, R.C. Chow and L.D. Merkle. Also it was a

pleasure to collaborate with J.G. Gualtieri of the Army Night Vision and

Electro-Optics Laboratory, W.K. Zwicker of Philips Research Laboratories,

and M.J. Weber of Lawrence Livermore National Laboratory on certain aspects

of this project.

Supplemental support for some parts of this research was provided by

a grant from t'ie Materials Research Division of the National Science

Foundation.
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TI. THEORY AND COMPUTER MODELING

This section is divided into three parts. In the first section the manu-

script describes a Monte Carlo technique for treating energy migration on

a random lattice, and a new theoretical model for treating energy transfer

in the case in which weak direct sensitizer-activator interaction acts as

a small perturbation on energy transfer by diffusion among sensitizers. In

the second section the model outlines the treatment of energy transfer among

ions on a discrete lattice and shows the importance of using this theory

in describing energy transfer among ions in heavily doped solids. The third

section describes the development of the theory of four-wave mixing in the

configuration which is useful for jtudying exciton dynamics in solids.

Appendix A reproduces some theoretical aspects of this problem that are impor-

tant in developing the final analytical expressions.
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Models for energy transfer in solids

Ii. C. Chow and Richard C. Powell
I)'puroii,',i ol Phii.i{s. O(klahmnu S ' Utnt ersiiv. IOllKur. )kuihnii 741)7x

(Received Ib October 1979)

Two new approadches for describing the dynamics of energy transfer in solids have been
developed and are described here. The first is a method for treating the case in which weak
direct sensitizer-activalor interaction acts a-s a mall perturbation on energy tr m ier hy ditusiun

among sensitizers. A technique involving a propagator expansion and the Born ipproximdiion
it ihe interaction strength is used io solve this problem The second approaich is a Monte Carlo

iechnique to simulate tne migration ol energy on a random distribution of sensitizers. The pre-
dictions ol" both these models are :ompared to esperinienitl results id to ihe predictiions l
,ther theoretical nodets. In their regioiis of validity they predict signti)i.ini , dillerent results
than those ol the nmdels commonly used The mode ls developed here are i.pplicalle to mani)

impoi [ant materials such as those used lor rare-eairth lai .

I. INTRODUCTION important case to which the currently available

theories do not apply is one in which the direct

The transfer of electronic excitation energy sensitizer-activator interaction is smaller than the dif-
between tons or molecules in a solid has been the fusional term but not small enough to be negligible
subject of many :. tstigations for over forty years. A theoretical description of this case is de-.eloped to
Recently there has been increased interest in charac- Sec. 11 of this paper and several cases where i may
terizing thts process in materials used for laser and apply are discussed.
phosphor applications. Energy transfer can be used A second problem involving multistep migration of
to increase the pumping efficiency of the active ions energy concerns the spatial distributiong of sensiizers.
or molecules in these materials but it can also cause All the standard theories assume a uniformly distri-
decreased fluorescence enitssion through concentra- buted lattice of sensitizers ,o that the random walk of
ton quenching interactions. Despite the significant the exciton can he described by ai single average hop-
amount of interest and research activity in this area ping time. This picture shoulu be %alid for "host-
there are still Nome important aspects to the problem sensitized" energy transfer or other situ.tons involv-
of energ) trans er " hich are not well characterized ;ng high concentrations of sensitizers but it is certain-
and understood The work described here treats two ly a poor approxtmation if the sensitizers are random-
aspects ol this problem which have not been satisfac- lv distributed imtpurities with !o% concentratons In
torily accounted for in previous developments. Sece. Ill of this paper we descrtbe a Monte Carlo treat-

Energy transfer is generally treated in one of two ment of this problem and compare the results to the
limiting cases. The first is a direct transfer from an predictions of existing theories and experimental
excited "sensitizer" to an unexcited "activator." The results
theory describing this "single-step process" has been
dereloped in the classic papers of Forster' and
Dexter. with problems such as the effect of random II. EFFECTS OF DIRECT SENSITILER-ACTIVATOR
disorder being attacked recently -5 The second case INTERACTION ON DIFFUSIONAL
is that of energy transfer to activators after multistep ENERGY TRANSFER
difusion among sensitizers. [he description of this
'xc -it" diffuston energy transfer was first develop- In this section we consider the situation in which

ed by Frenkel, ' Trlifaj,' and F6rster.i A major prob- energy transfer includes both diffusion among sensi-
ter in studying diffusional energy transfer is how to tizers and single-step resonant transfer between
separate the propertiea of diffusion among sensitizers sensitizer-activator pairs. Yokota and Tanimotot
and the properties of trapping at an activator site treated the limiting case in which the one-step
from the total energy-transfer properties which are transfer is dominant and the diffusive contribution is
measured Several theories have been proposed to a small perturbation. They developed an interpola-
account for simultaneous sensitizer energy diffusion lion scheme for the time dependence of the excited
ad inn-,tizLer-activator ;nteracttons - lu but the final sensitizer concentration in this limit. On the other

solutiins of each of these theories involve assump- hand, if' diffusion is the more important of the twio
tions which limit their validity to specific cases. One transfer processes, the usual treatment 0 

'! is to as-

21 3785 , l1980 The American Physical Society

13



3786 H. C. CHOW AND RICHARD C. POWELL 21

sume some finite trapping radius for the activators Fermi pseudopotential method to find the lowest
outside of which diffusion takes place, while neglect- c genvalue and eigenfunction, 2 and ,, (.r), respec-
ing any direct, single-step sensitizer-activator interac- tively, which according to Eq. (3) determine the
tion HIere we will consider the fast-diffusion regime asymptotic behavior of the excited sensitizer concen-
ind specifically examine what effects the single-step tration. In this approach 45,(r) thus dctermined is
transfer might have on the time development of the identically zero for a finite distance, 0 r -_ a. the
excited sensitizer concentration otherwise depleted by so-called scattering length.
diffusion. The above remarks serve to justify the use of' an

The equation governing the excited sensitizer con- approximate potential in lieu of the exact dipole-
centration n ( TA) including both diffusion and dipole interaction. Namely, we let
single-step transfer is 00(r) 00(r) +u(r) (5)

an ( T.)/8 - -,6n (Ti) + D V'2r (T.i)
in whicn

TV _(T -Ri,)(Tt (1)
V O 10 . "> a .

Here a is the intrinsic decay rate of the sensitizers, D r a

is the diffusion coefficient, Rf, is the position vector 16

for a given activator, and ( T - ,) is the interaction u(r) /r r >.a
strength for a given sensitizer-activator pair. In this

development the interaction is taken to be of the With the use of this approximate potential, the kinet-
common electric dipole-dipole type, and thus ic Eq. (2) is solved exactly except for u(r) which is
v T - R,) varies inversely as the sixth power of treated in the Born approximation. Such a solution
IT - ff, . The solution to Eq. (I) must eventually be clearly corresponds to the case in which energy

averaged over the configuration of activator distribu- transfer via diffusive migration is stronger than
tions, which is a difficult task. With the assumption transfer by single-step electric dipole-dipole resonant
of a uniform activator distribution, however, Yokota transfer.
and Tanimotol have shown that the problem is re- The method of solution is based on the well-known
duced to averaging the solution of a single-center propagator expansion. 1 Upon writing n(r.hJ
problem, in which an activator acting as an absorber - e-',P( r.t). it is seen because of the linearity of the
is located at T-0. For this case operations in Eq. (2) that the temporal and spatial

development of qj(r.t) is governed byanl(r./al- --- n (r.I) +Z)D71n(r./) - vrn(rjt).

(2) d( r.) -4 G 0(. iro.,O)b( rG.f o ) dr0  
(7)

% here in which the propagator or Green's function
G( r-ijr0 ,t) obeys the equation

;r2 "a r } - Vat + DV,' - v(r) IG (r., 'r,..,)

is the isotropic Laplacian operator. The general solu- - - ro)5(' - l0) (g8
tion to Eq. (2) can be written as where 8(x) is the Dirac 8 function. If instead of the

/I r.1) - Fexp( - it - Dk't)dtb(r) (3) full electric dipole-dipole interaction, one solves for
Athe Green's function for the approximate potential

10o(r)

with 6, ( r) obeying the eigenvalue equation

17 t -D 'u( r) 10 ,(r l ) - / i + D 7 ,' - u ( r) I G ,)( r.; Iro, t,)

-8(r -r o )8U -to) 9)
Because of the assumed r' dependence of v(r). no
solution to Eq. (4) can be found that is regular at then the objective enunciated in the preceding para-
r (J. Nevertheless, it is possible' to employ the graph is accomplished by obtaining

)( r.il = Suir.i) 4-.li)~

-,Jio) r.iidr, -.f G,( r.tirlluW rl )(;f)(r,. r, u)r,. ,, ro) dr, di, dr IJ)

We determine (;,l( r.I ir, .1,) 1s :he niethod of image. Upon writing

G)( r,.'!r .r. - riG r J'r, I,)

14
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Eq (8) rejds

- /i l)1 &'aJr) - t0,1(r)](r.1jro.j,) -r6 r -rqTh(I -'1,)

The etlect of v,(,0 is iccounted for i l is required that lj'(, f r, t.) -inihe% for r --:a This n.jj b ,

plihed b) introducing ai ,ourc of strelgth ru it r - and i n irnL ag .C t = I - ', leadng."
, of , -- i,))

4 . _ , 1 r -

- 2a) ,4D 1 -,,t ,

w here 4 ) is a u'lt na Hevside iep Iunction For un;form initial xcItiltion 0! ',era'/er+, 'i ; ,./ ' it,

the result I-

.... i. - ! , I - 'j _rt 4 t.

r Jf)1,

,hTih ., identical to :he result; d.Ncr; ting the dlttut ,6e nitgr tion ot ne d meptt' r , .,cn,.i ,e 1. rai ,

di radius .1
The elec t -A concurrent ingle-step electric dipole-d ole resonant :rainmi, from ,en.u( !,r l ,i,,l.o

:..tilled in the next term in the Boin approxiratiton

t,) rI) J dr tul r t )K i r.ilr, 4

here

n,, r f: x- - - ,'4 D , p 1 .41

t: ,- 41) 7~ , 5

LFr-,hcr nro , h, made i ith the aid of the loh11 1wing tegrals twhi-h arn Jcrtiah! rorn the reults n the

.p)'nf t ,, R,f 13)

41)t-r]=2"i ep2 - 4!1- / eric

, ' 2

-- e 4 41)' -)'
- - 41) :

~t 4j) 1,i J,.p K- d ____4t_, 'I

r Ie ;1).

,-.) . ;- .'I "4H
-1:4 -- 41 ..

I t)t 41),

:d . . j',,- /t-', in ' poneni.iI negr,;. Then Fq ai n he ,rw:ef it

,A . , .. . .'" -. - S/ r - " i-fIr. -: -a I ,'
14"r1)i " -

1)5
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where

-4-1 4 1 ,_M ze,
- -- - r , - 011 2 ~ ~ - . 24 ) / ) 2 e

vrD) 11 4Dt

FI(x) (4.)v 1 2 Je.1tiidv 2 / f " /ti-. 1/ dz e-

Rather than finding the explicit space and time time dependence with a somewhat different interpre-
dependence of the excited sensitizer concentration tation of the physical parameters involved. The last
which entails a further integration in Eq (14), it is factor in Eq. (20) is the integrated amount of excita-
e-xpedient to obtain the time-dependent energy- tions weighted with the probability per unit time of
,ransfer rate A ( 0 which is also accessible experimen- making a single-sfep transfer to an activator. This
tall). The latter is related to the total amount of ex- represents the rate of energy transfer by a single-step
citation S(W) viat" resonant process. The presence of such single-step

transfer has the consequence of diminishing the
V( ,0-, e'-..exp- f (,) dJ, (17) amount of excitations available for transfer by dif-

fusive migration. This is accounted for by the second
It is also customarily treated as the quantity that ap- factor in Eq. (20) which ts intrinsically negative by
pears in the rate equation virtue of the fact that

dNl'I)ldt -- kU ), 0 -1(8 0! . f dr u(r) erc r-a

It is clear that the two definitions are equivalent only r,. D

in the limit that f kit')d=' is much less than unity.
To proceed further, Eq. (2) is integrated over the eric (22)

volume of the sample ti and the first identity of
Green invoked to obtain Thus the time-dependent energy-transfer rate for

asp fthe case considered here may be written as
a tVl/at -- 4ra2D - u(rl)0(r, d l k (t) -A 00) +AI( t) with ko being the usual diffusion

expression given in Eq. (21) and AI accounting for
(19) the two effects of direct sensitizer-activator interac-

tion discussed above. For electric dipole-dipole in-
Comparison between Eqs. (18) and (19) leads to the teraction the latter term becomes
expression for the time-dependent energy-transfer
rate for the case of V. activators per unit volume. 4.V a +2'..Va a r -U
correct to the first Born approximation ki(t) 3a +- .  dr-jerfc

t) 1 4 -. -I a 0 -- - _ 1 -
N 0 1  iOr Or- 8 7r,,Vj fdr-9 erf'c I r (23)

r!i (4DW(12 f
f ul(rlo(r.t) dil (20) .A.t this point it is necessary to use numerical integra-

tion to extract the explicit time dependence of this
The ,hree factors that appear in Eq. (20) have rather additional contribution to the energy-transfer rate
obsiou.s physical interpretations. The first f.ctor has However, since it is readily seen that !he magnitude
the explicit form of A,() varies from 41r V.a(3a) at t -0 to

Af,)t -4vrDa..,', I + a( 7rD - 't ]  (21) - 4 '.V a/( 15a) as i - -. a measure ol the optimal
significance of the effects of single-step transfer in

and i- simply ihe rate at which excitations .rriv, dif- the fast:diffusion regime ma) convenientl) be chosen
tusiely at the surfaces of the activator traps. It has as the ratio kI, -0) ', 5 ( i ) -) ' t 3)a'). Tible
been used as the standard result'' " fir the time- Il -

1
' lists values of this ratio for a number of s,,-

depe:'dent energy transler in :h,. ,a-t diffusion re- tcms for which last diffu ion h s been identfie .i
gime the generahied r.indoi Aj.k ;'idkel" which It -houid he pointed out that ;n the abtence I an%
,onludc.., in extended trapping egin ,clds 'he same ,i her theoret -al consideraiton,; the ,ilues )I ,.

16
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TABLE 1. Estimated importance at direct -ciisititier-aiior inieraction on energy transfer in

the fa~t-dilfusion regime.

System a (cm'/sec) 1) 1cm 
5,'iee) a (cm) 1

rbAI5O12' 1.2 x 10-" 1.25 x l0-" 2.1 x 10-' 1.65 X 102

YU 84yb0 1100 5F*-b 1.8 X 10-4 2.2 x 10-" 2.03 - 10-" 1.61
Eu. Cc: G las,s 5.0 X 10-1 6 0 x 10-' 1 2 - 10-' 0.134

Anihricene in fluorene' 1.74 - 10-' 2  3 4 x 1(-7 3 69 1 0-1 9 2 - 0
rctracene in inithracenee 1 .71 X loIt., 3. 1 -~t 10' 84 10-6 1 7 XI U-
Tetracene in naphthalene' 33 2 x lt)-' 3 1 X Il- 1.37 luf 6  1 1 0-6

'Reference 16. 'Reference I15
"Reference 17 ~Reference 14.

'Eiimated using a -0.676(,,//))1/ 4 from Ref 8

And D) listed in Table I have been determined by fit- be correlated to, for example, the luminescence emit-
ting the experimental data with the standard diffusion ted by the sensitizer. It should be noted that Eq.
theory A±nd are therefore not totally reliable for estab- (24) neglects the effects of' back transfer from activa-
shing or dismissing the importance of single-step tor to sensitizer ions. This is justfied for systems in

transfer in the fast-diffusion regime. [Note the in- which relaxation processes on the activator fake the
consistency indicated by the fact that the parameter excitation out of resonance with the .ensitizer which

(3 Da') .s larger than unity in several cases.1 The is true for many cases that have been investigated
preseni calculation hopefully can provide some cri- For systems where back transfer ;s not a negligible
teria for assigning the values of these physical quanti- process an additional term is present in Eq. (241
ties and for assessing the significance of resonant If' the excitations are incapable of migration -among
iransfer either by using an independently determined the sensitizers themselves, it is possible to solve Eq.
set of parameters or by comparing the full time (24) and carry out an ensemble average over the uni-
Jependence of the energy-transfer rate to the experi- form distribution of' Activators and the result, ~
mecntal re:,ulis. for electric dipole-dipole interaction is'

0) =exp [ -131-(C/C)( rjJWI)'J 125)IIll. HOPPING ON A RANDOM LATTICE where C. is the activator c oncent rati on and the cit-
A-nother phenomenological approach to the treat- cacoenrtn"i o(-,7R)-HeRsd-

ment of energy transfer which also enjoys rather fre- f-ined as the distance between sensitizer and activator
quen us is ase on he hysial ictue o excta- at which the rate of energy transfer is equal to the in.-

tions hopping among sensitizers and from sensitizers iiscdcyrt* ~. W ,(RI).I.hwv
to itivtorsIn he lmitof any tep thereslts er, the excitations may hop among sensitizers, the in-
to ativtors Inthe imi of anystep th resltsteraction strength ul R) that appears in Eq. (24)

~this random-walk approach are equivalent to those abruptly changes each time a hopping takes place and
of' the diffusion approach. The basic premises of istherefore a random variable. By Assuming that the
random-walk treatments will now be briefly re- duration over which the interaction strength v(RI
siewed. 1 Let p)( t) denote the probability that an does not change is distributed According to
excited sensitizer is located at R1 at time i. the equa- 701exp ( I/ro). and thus identifying ro as the mean
tion for excitation migration is hopping time, Burshtein 9 was able to arrive at an

- 1) ( equation governing (u1

The mecanings of the other symbols Are the same asU
hose encountered in the last section except thati R26

no% denites ihe position vector for e!ither in activa- The solution !or Eq. (26) can be obtained by nuomeri-
!or or :. ersitizer The solution to Eq. 124) moust be cal methods9 And gives results equjialent to those of
a- erag_,d .sr he conligur.itiwn ol f' i~-~niie the 'rkoti-Tinnsotitt theory :n the Appropriate limit.
';,-ihu1b:o;v, -and thc re ~ult Uciiltdb oi .) i mi () thc other hind. !1 Fq (2'4) is to be augmented

17
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with an additional term to account for the back set of weighted random numbers ionstructed in this
transfer from activator to sensitizer ions, the problem way are then used as hopping times for the simulated
is significantly more complicated 4 and indeed no ana- random walk.
lytic solution has yet been found. A computer simulai,)n is thus construited which

The merit of Burshtein's approach lies in its simpli- "observes" the hopping of each generated exciiat,,n

city and its relative ease for numerical solution. It having first insured that the excitation was not ir ei-

remains, however, in approximation. For example, ed on an activator site. The time for each hop is

it is easily seen from the probability distribution for selected from the weighted set of random numbers

dipole-dipole interaction in a random system 20 that generated by the method described above This at-

the corresponding hopping time distribution is pro- lows the excited sensitizer on each step of the ran-

portional to t-1/2exp ( - xi). where k is a constant for doam walk to interact with any of the other randomly

a given concentration of sensititers. For a small or distributed sensitizer and activator tons which reflects

moderately large concentration of sensitizers this the electric dipole-dipole nature il the interaction In

function falls olf much slower than the approxima- this mnnner any spatial correlation is accounted lor

Lion used by Burshtein. The underlying difficulty in lopping is allowed to coctnue until :ither )l the fol-

studying hopping motion on a random lattice as lowing two events tikes place: an activator iitv s cn-

described above is this possible wide distribution of countered or a particular hop takes a longer time than

hopping times,. In the absence of better theoretical the time of interest (in the present study. about t,-n

techniques to handle such situations, we have resort- times the intrinsic ifetime). [he survival tme t

ed to Monte Carlo methods to study this problem. each excitation is determined by :alculating the ,urn

\s will be seen, our study leads to rather different of all its previous hopping imcs before being Ler-

results from those predicted by Eq. (26). minated by one of the two criteria mentioned prei-
The essence of the Monte Carlo calculation will ously. In the end, a bin sort is performed to deter-

now be described. We generate a finite number of mine the fractional number of excited sensitizers that
excited sensitizers, allow the excitations to hop have succeeded in avoiding an) activator site at %art-
around on a matrix of prespecified concentrations of ous times. To ensure that correct random-numrer
sensitizer and activator sites, and count the fractional sequences are used in the ca;cul.tion. the sequences
excitations that survive at various times. Intrinsic are tested and seen to obey the llertzian distribution
decay of the excitations is easily accounted for and Furthermore, the results are compared to test wheth-

thus is not explicitly considered in this treatment. er they are insensitive to different arbitrary cutoffs in
The disappearance of excitations therefore occurs the random numbers used in the calculation, as they
-o-ly as the result of a jump onto an activator site ,hould be if the proper distribution ,baracter'c, are
which has a jump probability dependent upon the built into the hopping time and sensitizer position
fractional occupation of sites by activators. The phys- distributions.
t,.l nature of the random distributions of the sensi- The results of some typicai Monte (Carlo calcuia-

tlzers and activators and the ion-ion interaction tions of this type are shown in Fig. I. Fir eaCLh run
mechanism can be simulated by the generation of a an average hopping time is determined and is used as
weighted set of random numbers to be used for hop- an input in Watts's program :

' for integrat;ng
ping times. The standard set of random numbers Burshtein's equation. The predictions oi" the Bursh-
generated by the computer are uniforml) distributed tein approach, after being multiplied by exp ( 31, are
and must he transformed to have the desired charac- also shown in Fig. I for comparison. In general. for
teristics For example, the sensitizers must ,bey the the same interaction strength, the !Burshtein approach
!a" of distribution of the nearest neighbor in , ran- predicts a faster decrease in the excted sensitizer po-
doin distribution of av3ilable sites (the llertzian dis- pulation than does the Monte C.rlo iimulation Note
tribution) " This law, in the representation of the that the concentrations used in curve (a) are those of
number f available sites, v. in a sphere centered on a typical case of energy transfcr among Nd3* ions in
a .cnsitizer site and interior Io !he nearest- yttrium gallium garnet cry stals which has been inves-
ne:ghboring sensitizer. :s c exp I - ctv). where c is the tigated recently.-t The data shown in Fig. of Ref
fractional sensitizer occupancy of sites. The sequence 21 consist ol the time evolution of the intensity ratios
,)I numbers having such a feature is obtained from a of emission centers at two different crystal-tield sites.
-,equence of uniformly distributed random numbers r Ions in one type of site are selectively excited by the
%ia :he expression t -- - In ( I - r) (The last rela- specific laser frequency used, and energy transfer nc-

tion !ilows from equating the cumulative distribu- curs to ions in the other type of site The ntensitv
tions o( the two ,equences.) In a similar manner, we ratios for the three different sets of spectral transition
,%4uire that the sequence iif numbers reflects the na- show&n in the figure are fitted with the same theoreti-

, ,an ele:tric dipole-dipole nteractioin (which cal parameters. A good !'it to experimental data
tals it js r

-
^
) in addition to that of a random distri- under discussion occurs for either the Monte Carlo

-u,,n ,I sensitizers of a given concentration. The simulation with an interaction distance of 20 .A or the

18
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-- ' 7 may be mentioned the papers of Ilatin and Zwanzig,'
0 1 liuber,' and Holstein, Lyo, and Orbach 3 These gen-

0
I *~**-.erally use more powerful mathematical techniques

A and starting with the elemental interactions among
Isensitizers and activators, they seek to elucidate the

* - Aconnection between the behavior on the microscopic
- scale and the somewhat more phenomenological (Jil-

I fusion and randomn-walk models. The final exact

-A~ solution to this complicated physical problem his not
---- yet beobandIntepreceding sections wehave

concerned ourselves with several aspects of' both the
a diffusion and random-walk models of the energy

*OAF[ problem with the objective to supplement and clar:l'y
some aspects o1 these existing models The virtue of'
these models has been Zheir capability of' being

brought into direc! comparison with experinien ta
results, and the more fundamental theries4 - by and
large confirmn in the appropriate limits the validity o0"

0 these phenomeno logical models. This provides the

Or A4 _ t ustification and possible usefulness of the present
2 4 work.

We have developed here two important aspects of

FIC;I Cmparsonof~~ont Calo peditios ofexcta- the energy-transfer problem. The first is a theoretical

iton ur% ivAl probability, ib e'with the predictions of* expression for treating the case: The direct sensi-
liLar~ht,:n ,theory. (a) For C, -8 33 x to-'. C, - I ," tizer-activator interaction is a small perturbation in

F' -i25x10-4 Seen, / 1 A ~gie h the transfer of energy by diffusion among the sensi-

.%onic Carlo predictions and -gives the tlurshtetn-thtory tizers. The second is a Monte Carlo approach to
Prediction. gives the Burshicin theoretical predicion Ior simulate the migration of excitations ion a random
h, -,.ine concentiocns but with Ro -I I X. fbI For distribution of' sensitizers. It should be pointed out
( - 833 10-2. C. - 1.67 x 10-1 13-' -2 25 x 1O-4iec. and that the approach to the Monte Carlo simulation used

R,,- 21)0 A. gives the M1onte Carlo predictions and - - - is here is similar to the cantinuous-time random-walk
the prediction of the Hurshtein theory. For the same con- model developed to explain anomalous transit-time
,entraibons bui Ro - 12 A the llur-ihtein- theory prediction is dispersion for cha-rge carriers in amorphous

t1 o ,83x O.~ O soilids)2' It attempts to account for the posibiiy
j-2.5 a IIY'sec, and Rg-20. .. represets the Monte of transfer from an excited sensitizer to any other

( arlo results and - -- gives the Burshicin results. - - - sensitizer in the systeni at each step in the random
gi~e he prediction of the llurshin theor) ('or :he same walk by using the configuration-averaged distribution
cuncentraitionN buai with R5 - I" of hopping times at each site. This is different Iromn

the Monte Carlo procedure used prvosy which
generates a specific lattice topology, assumes only

Burilietn theory with a critical interaction distance of first nearest-neighbor steps and then forms a contig-
I I Ax. Theoretical estimates :or Ro for this system uration average of the results. In that study) which
are closer to the larger value h)ut this must be con- correlates the decrease in fluorescence emission from
sidered as only a rough approximation because of the ions in selective excited sites due to energy migration
zomplicated nature of the phonon-assisted diffusion to ions in different types of neighboring sites, care
enhanced energy transfer in this systenv 2i must be exercised in dealing with excitations hopping

back to the original site since this offsets the time-
dependent line-narrowing effect. This clearly

IV DISCUSSION AND CONCLUSIONS presents no particular problem in the priisent stutib. a
return to the original site has no distinguishable ef-

A- rigorous, complete solution to the problem of fects froni hopping to a fresh sensitizer site.
energy transfer among randomly distributed sensitiz- Table 11 c~ompares thle commonly used phenomeno-
ers Arid ictivators is still lacking. This Is especially logical models of" energy transfer and indicates the
.rue :1 the additional complications of back transfer physical 'situation in which each mode! is .alid. This
* r''n activaitors to sensitizers and randomn distribu- shows the important areas of usefulness lor the two

iris of transition energies are included. Recently theoreticatl treatments developed here, It ,houid be
here h.,%- ippear.-d a signif'icant number of theoreti- stressed !hat each of' thes e mods , should be applied
_t %korcs oi these and related suabjects, among s% hich only to the physical situations in Ahich they are valid.

19
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TABLE 11. Phenomenological modets for the dynamics ot Tanimota model in the weak-diflusion limit and
energy transt'er equivalent to the standard diffusion result in the

strong-diffusion limit. However, it does not correctly

Miodel Region oii .ppticabilty Ret' account for the effects of' direct sensiti7er-activator
interaction when it is not negligible in the list-
diffusion regime and it does not correctly account for

Forster- Dexter Direct s-u interaction~ 2 the distribution of hopping times when hopping takes
no sensitizer energy ditfusion place on a random lattice. The models developed

NI ikota-Tinimiit Strang s-a Inieraction: 8 , t here are most applicable in these regions where the
weak sensitizer energy diffusion Burshtein approach fails. Also. of course, there are

Chow-towelt Weak %-a interaction, This paper special situations where none of the models in Tible
strong Nensitizer ensergy vilf'usion 11 apply. An example of' this v, when high-res olution

lurshtein Equivalent toi Yokota-Tanimota 9 laser experimental techniques, such as fluoresLeni.e
model and difflusion/random-walk line narrowing are used and theories accounting tor

madlt in the appropriate limits differences in transition energies must he etpioved.
Soo,-l'oweit Strong sensitiz er energy diftusion t0, 14Insm aywehv e lo dtonwip

with the effects oi extended I umrw aedvlpdtonwai
trapping regions proaches to the problem of energy iransfer if sohidS

Dif'o- No direct s -a interatction: which allow for the treatment of* ph~ sical utio:

random walk energy transfer by hopping onto 7. 11 involving strong diffusion with weak direct sensi-

an activator site tizer-activator interaction and migration of encrg un
Mione Carlo N o direct i-a interaction: 3, a random distribution of' sensitizers. Both oftihe-,e

transfer by energy diffusion this paper situations have important applicat;ons to imnpurts%
on a random lattice doped laser materials and many of' the precious

__________________________________________ results on these materials should be reinterpreted N-
Ing the new models described here

this has not generally been true in the past. For ex-
ample, the results of' the preceding section show that, ACKNOWLEDGMENTS
it' data involving energy migration on .i random distri-
bution of sensitizers are analyzed with the liurshtein This work was sponsored bv the U.S Army
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the random distribution of hopping times. Note that Watts f'or supplyitng us with a: cops of' his computer
the Ilurshicin model is equivalent to the Yokota- program for integrating the Burshtein equation
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11.2

ENERGY TRA4SFER :N STO)IC4:'METRIC RARE- ARTH CRYTAL
Richard C. Powell

'klahoma State University, Stillwater, ()K
and

Walter *<. Zwio4er
Philtps .anoratories, 9ri3rcl'.ff Manor, T! rl

Abstract

Recent results are presented on the growth of rare eartn pentaphosohate Crvstals and on
thecnaactristcsof energy transfer in these materials. For ~PO~ ti h.nta

14i3crete l-at:!ice model miust 'be used to account for the observed results.

:urir.2 ca nst tw~o years we have been 3tud/t-nZ the soectroscooiio cronerties of'
stohirnelaser materials and especially rare-earth oentaphosonates. Orne as-ect P

tneSe .materials Tf si~rniflcant imiportance in etermiining the Concentratior. auenchJnq
-'-'--.rties is understanding the oasic Physical sechanis's Of' energy transfer among the !ivl

_nentrations of' rare earth lons. At last year's LaserF '90 meeting we reoorted onte
z~ztia t-ffuision of eneray without 3toectral transfer in 'Idx:a1X5 1.4 Ory9tals.- 3ince that

-'ne 'na4'r p ortion of' o.jr work on this svsten has centered around .the develon-nent nfr the
zrowo~n of nigher qualitv, larger size sanvles. An eXaMDle of Ie results of' o ois
ire 3ton n r. . wn ioh ictures 'IdPzz0II and Pr?5 O.4 zrvstals, zrcwn in the ThPillcs

.1es ' ese 4ere zrown. Cy the orevtouslj described flux tecrniie fron
-ns:nr': ac4j1. The :r'stals are greater nr. 4 om in oross section. 7he sc. ihi::;-
-aresoata je nanzes is to eraieeffective :.onio -allos of- -?re

...oreasio.; toe 7rodtn teno erature 4ino. leore3.c-n :on::4 size, -ca
'r~ -?rn;nah:o~a an t zro wn in to I.ar ;ua~:' ar. s:

o-ror ~ ~ -voa oo v ae zoeen in incortsnt lini -. -i n -oa e r*no~ot
ont. s"naterials ,thi~s anili-' voz zrow-_u-n laz size,. .

srepresen-3 a s::r2.fi ant advanoce in tne f!ed

-,,e , :ast .ear our nai'or exnerinental effort h-as centerel o.n the the
- .. ~es2f mxe! TLuPs>3 and ?rPz >4 nixeO orysta_'3. "'i4e the i ~ vtn

-iner:,v !:f'fosior. is 3 ni'te prorilnent in each of nes-a tyoes of sarnosues
ener . rnfr onie 0 Jovol on nclao

ar s-23 - - - a r e in 2 --- I-a-b----------

:.-~ j~>weak s-ent-al' tr'ansfe-

-;x strone 20ctral transler

-4E.-~e snece t n cotroscov technicies were jszd to st !y enerzv o ran-so:
and 'I xc.. 5 ?Z sa-n les c,,-nca nin 31 and ' t ins. nir. e

!-?-rov~ s excitation culses of ato-it 5 n3 in 1,urationi and less c-an
a ~- e 0's _Sese-!Kcice the sample nounte' in a 'rvczenco re7-igerator ani

-a! 'i t a i-mete- nonchr-er a cool a d p n cto the, a nd 1 1 x a'- Iote-
-o- -7 _,,.zrl -e 3 ce-ntrun- at a 3npzifio .iae after toe 113P- 2'13e. The zn.eo

t ra
r---- '" a na w,..- an nompu te r v 3ten.

-e r v Transfe in .Pc, Cr-ystals.

.- re Z snows the fluorescence spectruM at 12 K for the Csale tohrtio
toe afer helaser pulse, Hiere we show an expanded elr foe ftes ~

ons )etween the 7 and 'olevels. The two peaks in the soectra recresent ".he sarne
orsstin fo instislight' - lifferent crsa il ie h - narrow lser exoitattocn

:4-: se-oLe exnltez a hizsher -cerientize of t.he ions in tne site itn th e lower
eonat rn z,-ri a nd a s tin. e evol ves .1 o i s ere r zv Is t ranfr.-re 0 to in rin - -* ~ ar:,es .lts are stai34ed at iizh te peratures and toe floece---'-sfr

* sanples change only sligntly as a f-unction _f t.enn:eratmre. 7he weaw
3eort,;re itpenzence of these results niae otteee~ transfer ch aracerstc

ar-? assoct,;a-el 4itn resonant interaotosadnt tocVlcndn nooo assist,-!
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3y monitoring the retattve integrated fluoresoeflce Lntenz2-t2-es -of tne activator an!
sensitizer, the -haracteristics of th~e en, rzy transfer process .,an Se -Icteriined. t-gure
shows the ::ime dependence of These fI-jorescence intensity ratios for -te 'O0% and 101!
snoles at tow teasoeratjre. The lashed and dottled tines In tone f-a1re reoresent the ss

to the !nsa with thecretiat no-ls liscussed blelow.

s:i *zle rate e-uation modet can be used to internret ttisse data, toe rate equjat ons
!iSsonLiotg tie tte evlolut ion of t he cofloentrattlrl of excit'ed st*55 "-f -n5' lzes't anr:

!ztato3rs noa are giver.1 by

J n , /d t =WVs 3-. n n5

- dna/dt:Wja8na~kns. r2)

. "ni Wa. represent the exoitation rates wnich ire treated as -ig~r ht anA a,

res e nt te inn rs ioj ec i raite s of trne s en sIz e r anrd ati v ato:Dr r.cs and is to3 e -ncr
3ran 3f- r r a a M.ere 1 s - s een asscored that nO '-Ao transfe r s-f ts:iooaze. 2,:' -n

an5O. 2'to ne concenrtic-. of exae tae fcti'!ator o
z.tsers icane s

n n a -, 0 i+e4

:_i e r , - i4

-- r. a:.. .r rose ,n-ur as1 -w - . -I 2-5- e o

-, N,

'an

aat o ono a n-c 4 -- j s -

.- t 7: x at 2 1 -02 -4c 'a z? -Ano

a - 71 ja-" o :fr '1 n ot3,aroe -, a tesn'h te- tte ae rcs1 ' -- f
a n e e, re z vrett s :oirqs retr: fctIn facto of ao t e Sorz '::r !Pcf

-n 7 n-- soeta o.ela 7-12 lhutOO .- escoo
--- oro2er -1 o-an let i v n Coh "oI t -r ~ -a--' ---

-- w - zh

-7 r n - x c-a. 'I fit Lewe.ter and , exemen ..I ow So 7 S; n
r t : s n tetc ae for r Eoptniei9 ernersye trasfer in , ,e i ac

nA' naoe -) r:a: rs i~ e3 f~sa- to oa 3:n te betfihr a c'
ttar.toe teo~ --a - r-- 'e- 4  

O nt ana to act ntvstclat aa--

ira 200 -r
4

0-
5

on ~-c - ~o--tesa-:to c/tt at2



appropriate expression Tinr he energy transfer rate, takinz into account toe dtscn9e
nature or' toe lattice

e2'

7ne sumnmatio3ns run ,ver tne numoer oT lattice spheres conszJered K and w(L represents t-oe
probat~:I;ty or ccupanoy or in activator ion on a given sphere. -he exoresslon forn tn:3 is

4nere n: neoneseots toe total nuobten of stes 0 onene n rJ n ~s , neP sont.enr
ates.cc';pueI, 02 30 S~tlva*:n ton on the 4 ;o ene. '71 132 toe fnac'ttooa.

:n~st~tv:f ;t cuac by an activatcoron

n a e ' e'iel op e a rpo :rn am to ta h n b e nun. o- n ae 1 n:''coue- Y10~ I-' ' U
t7e ac, -3 :9 tr-' ie:tmnzi a " 2 !-vs j_ 'ti "e9n-

3 7. an4'~ "4

;3..;3Tn~3W-I son e -3' 4'5-

tt ~ ~ : nt K. -ntetntty tOied SaIMe toev are 1t el~t: '39
a 2 b t tted!0,s0I t e nco4tnun Lattice 7cweL ~?e - r Ton te '3 -

s 'ng '1_o 3tcot --ote t-are s0 szn:Tt.11aot -7a'ie a~- '--e
.Z e 'a n.. ... ,. L. tote. anc are azCno'xp-ator a factor w a

-~~~--~~ 9a c3~o rht Ia'7- alce~t- to 3:to-n

a -, et e e ez atte t ave ben t -r n-

'04-.S 7 '-n, t-e 4 sorete n'tnLie Df the Iattioe. t 3 1'ar
- . ~~o,-r'a.. tencv buno

, r, ' .. -- o-c~- 0;n u=Itt.c. *t

nzn''tr'a u2n a.3 '" n"vestiqxV 31 -er -c
a e -3 k e r 3 in 1t net- io e 4veA anr e x _nres3str. Ton the- -'e'-

r. o Iycf o'cuoancvteyy1''
17 -1 -- - i~., . .. ~2~. ;tcr, :0 1S 3 useful aox

3 1 3 s ' ':7Voti zated "ene.

- - --~cA~anie'JcotAcknc le12enents

. ari at 'k-ahoma S tate ~0vntvwas cttvS73nsone*0
. S -322 a : te an.- te Nationr.a13, Soenoc a :njaoion un der 7-a nt No.

--. - -- - :-n 00 X.. .

A. . 7 2t , -. e -4 n- . _e . -
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11.3

Theory of Four Wave Mixing

The four wave mixing process can be thought cf as the production and

reading out of a holographic index of refraction grating in a non-linear

medium. In the four wave mixing configuration generally used to study

energy migration, a laser beam is split into two strong "pump" beams of

wave vectors k and k b, and a weaker "probe" beam of wavevector k which
-a -

counterpropagates against one of the pump beams. The two pump beams

establish or "write" the grating and the probe beam "reads" the grating

(see Figure IV-l)

The two pump beams interfere in the medium and optical absorption by

thc active ions creates a spatial distribution of excited states with a

sinusoidal oattern of wavevector kg = b - k.a Corresponding to the

grating wavevector k is the-grating wavelength A given by-g

A =
2 sin e/2

where % is the laser wavelength and is the crossing angle of the two

pump beams.

The depth of the grating can then be probed by Bragg diffraction of

the orobe beam off of the grating. With the probe beam counterpropa-

gating against the second write beam which has wavevectcr kb' the Bragg

condition requires the Bragg scattered signal beam to have wave vector

k = k + k = - k , which implies that the signal beam counterpropagate-s -p -g -a

back against the first pump beam.

The theory of Fw]M has recently been addressed in several papers

126,40-43). Two fundamentally different approaches have been used to

model the FWM process.

References (40-42) explicitly consider the non-linear wave equations
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where the electric fields are coupled by the non-linear susceptibility in

the material. Furthermore, (41) and (42) consider the mechanisms

creating this non-linear susceptibility by modeling the system as an en-

semble of two and three level atoms, respectively.

References (36,43) model the system in a very different way, where

the probe beam Bragg diffracts off of a sinusoidally varying complex

:.ndex of refraction grating. In this t-ype of development, one assumes J

spatiallv varying susceptibility X(x,y,z) which forms *a spatially varying

holographic grating in the material. This is similar to the approach

used by Kogelnik (53). The emphasis in this development i5 in under-

standing how the spatial properties (43) or temporal properties (30) of

the grating affect the Bragg diffracted signal. However, this approach

completely ignores the mechanisms creating the non-linear susceptibility

which causes the spatially varying grating.

The aoprcach used by References (41-42) yields important informaticn

about 'ow the intrinsic properties of the material affect the steady

state scattering efficiency. However, References (41-42) assume that

the pump beams are counterpropagating and that the pump beams are exactly

phase matched. in the first part of this chapter, the FWM scattering

efficiency will be dezived when the media is modeled as a two-level s/s-

tem as in Reference (41) but important extensions to the theory will be

made. instead of assuming counterpropagating pump beams, the assumptzn

will be -made that the pump beams intersect at crossing angle a a more

common configuration in FWM energy migration studies). Furthermore,

effects arising whenever the pump beams are not exactly phase matched

will be ex-Dlored. Thus the first part of this chapter will cgve infcr-

matlon ibout how the pump beam properties and intrinsic properties of

:he material affect the steady state scattering efficiency.
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The approach used in Reference (36) is much more usefil in studying

the temporal properties of the grating decay. In the second part of this

chapter, the time evolution of the jecay of the signal beam intensity is

derived in a manner similar to Reference (36).

The last part of this chapter describes FWM data taken on

Nd La P 0 crystals.
x l-x 5 14

Derivation of Scattering Efficiency

The assumptions will be made that all beams are linearly solarized

the same direction, with the pump beam electric fields ;iven zy

Er,t) and £(r,t), the probe bean field as E (r,t), and the Bragc dif-
4 -1 -

fracted si,.nal beam field as E "r , t) .

:f the z axis is taken to be along the pumn beam wich electric :;ielic

.nen the configqJraticn will be as snown in Fig'-re IV-2.

If one -uks the "Parametric approximat-on" that the oump beams 4re

redeoleted in :he media, then the four eiectr.- fieids are :;.'en as

.. t -. Lk -

E (r,t) = A,(zZ Z .

it ik,-r
Z.(r,t( = A.t ik r E {

E. r,t) = A,z) L = . - -

i.,t 1.k 3 r
E kr,t) = A4 Q = •

:ne confq:ra't;on -sed, there -s n: I.cdenc :_:na. beait i.e.

= an'!- tne s:'nal beam 4il be ntuch weaker thtan the .:hrce beam
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throughout the material. Since the orobe beam is also much weaker than

the pump beams,

A 2 , 2 A. 2 2
A2' A4 , >> i 31

and thus :-E < I where E = E (r) + E (r) and !E E (r) £ r)
- o 2- 4-

total electric field is then E(r,t) = 2 (E -CE).
0

The wave equation that these fields must obey .n the material ;s

2_ 2z 27 - Eu 3-E = ]P'-)V -E0 " 0 t- t P

er er £ is the oermitivity constant, is the nermeabilitv :onstant,
0 0

and D is the colarization. The polarizaticon P ma.' be expressed in terz-s

of the susceptibility X as

P(E) = - x(Z)E
0

The media can now be modeled as a two-level system. As is 3hc-.n

Acpendix A, the susceptibility for a two-level system is given by

2a
0 i+,$X(E) =

+ +E/E
S

where i is the normalized detunina from line center, S is the satur-

atin intensity, and a is the line center small-signal field attenuation

:cefficient.

Using j -I << 1, one can expand , E) and P(E) about S to first

,E, 0

order En to obtain
0

(E IE* + E*AE)
x(E +AE) = x(E) {1- 2 (IV-4)

31



The colarization is given by (IV-2) , and if one defines

E (1 5", then to first order in j3E/E

(E 2 E* + E i2AE)i~jt ,0
?(E AE) = 2 c X(E o ) 'E +,E - }

0 0 I + 1E 2
3 0

Since '.2 = ;k 2 = 12 , the driving term 2 P for Eauation PI-l)

,an be written as

2 2 (E E + :E 2 E)

o t 0 o 2

-he left hand side of Equation (IY-I) now must be calculated.

The slcwly varying envelope approximation,

Sd2 Ai i i = 1,
dz

mp es that the field amplitude variation due to non-linear :oupLng .s

small over a wavelength.

i~kcosez ksinezC
E. and E, -an be expressed as E, =  A, z)z

ikz

3

so ising the slowly var/inq envelope approximtion,

- £ = 2ikZ wt ( -ir -Ak
iwt3 ~), E. = 2 1, k Z. (cosez ,' ,,z) , A, (z))

0 t z " -
, -7)

.ombining (:V-6) and 1I'J-7, the wave Zcuat:on iV-L, oecomes

- '.k l" [ -k .t

2i~cosSZ 3 A (Z) - 3 Az)) = - k:(Ez1 0
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0

=21 2 ilk - k 3r
E A' 4 1  4AA

-he Intensit:,es of the p~ump bLeams are given yZ =A st

1 Ai -2 so if one def'ines

2 4-

~A~s -- Z

3 2 4

s iK-Cos.

nias an interference term t:'.at rscallates wi th z onc iatn

wave enct-

'The :on>,, terms of interest on the r-,cht hand si oe -.r- _%) re

:nrcse that satisfy the phase match-ng condit:.on; .,.e., . those terms tnat

3vn.onronousi-! !ri-.e -E- E as either c or

Rewri-:Lna 'J and numbering the terms, ('11-8) beccrnes

-ik 2 .

[cos62. 3 A,()+2 A ()

0.

term (i) erm 'i
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2 2
E0 _____1 ___ -

S2 -2 2 IV-9)(I + IE o ) (i -- E 0

term (iii) term (iv)

Terms (i) , ii) , (iii) , and (iv) must now each in turn be examined

to determine which of these satisfy the phase matching condition.

ik'r-r
SinceE =A,% "-A Z ierm ( s ciearly not synrcnw

0 4

with the left hand side of anIV-9 3d thus term :i) !s not rhase matcned.

Since -E = A Iz) A (Z)z erm (ii:)learly is phase

mtchned although the amplitude of this term wil be modulated by t.e

:scillator, behavior of E which anpears in the dencminatzr.

- may: be written exolicztlv as

2 i . "ri k -k , "

= AZ - A + 2A .
4

and maY be written out expi s::Lt! as - A* 2. - .

- .--E = -, * A .A ,

3(2 k - '-"

"4 . 3r%4

i(2k +k 2k

ZAIA2A4Z + 2A*AIA
1 24 - 4

.i.ce none of these terms are synchronus -,,,Ith the lef.t hand side :f

::-) , ter-m (iii) is not phase matched.

Te:m. (iv) may be explicitly written out as
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E 2 ) 2 2(I + E 2

-ik3"r -ik *r
+ A IA 2AZ A 3 A 2 A 4 Z

-i~k-k ) "r -ik

+ [(A 2A4 1 3  )A3 Z 3

The first three terms in this expression -are obviously ohase .archec

I 2 -2
alo-houch the are modulated by (I s + !

The last 2 terms in scuare brackets must be looked at nore :lose'Y.

The :ourth term is

(A2A4Z -k

(I + iE 12)2

S 01

The auantity above in the sauare bracket can be thoucht of as ncdu-
-ik r

latLng the phase matched term A,Z

,:otice that since the exponent in the scuare bracket above has the

same four-er component as the oscillatory part of 117 0 this zerm-

not necessarily average to zero.

Si-milaryi, the last term on the right hand side of the expression

35
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(A A*
JA~.

7he :uantity in this square bracket modulates the mia~ratoc.eu tefl

A 3Z and trhe ex-)cnenc in the square bracket '-as the same fc~urier

:::.mponent as tne oscillatory porti4on of so O-nis te:rm- 3

.'ecessar-,1% averaae to zero.

Ezauat--cn (:';-9) mray therefore be rewritten as

r + ~r-ik, r --

A. i

2 2 ' 0!- 2

-,-. 5em Z a ~ .' v~ a

Z L

A._____ *z,- and]A s; -. A:AA
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2 4'

~r:ani necglect the last term ini !V-.1 to obtain

:S z AI (Z 2
(-S ;E

.a- .ine :erms from :V- 10) w. tn Z iezenilenco are

_A S' Z- )z) A z - AA -A.

:,aL.s (!V-12) .irJi -I3) descr:ibe !th-e ncr.-I~nea -.-ectzn

Al'cnc the z a:.c;s, (z) and * )rv he qr.:7en

:o dfie ha ;es -,and -I

a r c-.ar. -

arczan
4 =

x -x*
Wr-ere 7,e(x) _7m = then

3 7
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The phase mismatch of the two pump beams is Given as an2

,z) and *(z) become

i (k (I-cos3) z+.)
r.iz) I A A ',z -I)

2 .4'

* -k (1-cosJ) Z--)
(z) A AA 1

2
The oscillatory behavior of iE can be sh ,,wn more Oxlct y b

definirig the parameters

0 s 2 4

and

a E A A2 41

'-'u-,azions (:V-I2) and IV-13) can t."en be ex7)ressed as

z ~ ~ ~ '~~ A 3S.) a0 -1D -2acos (k (l-cosc) z+,LI]

[1) +2acos (k CI--cose z-.1) ]2'

a !E +a), Z)
SA 0') s .L JA

z1 ccsC

These t~qua:t'ons can beP simplif~ed scrmewhat by deflninq 2 as
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S= k (l-cos.:,

Ecuations (IV-18) and (7-19) may then be expressed as

3 A (z) + P(Z)A (Z) = 0 (:7-20)

and

3 z +P) z) = (z) 'IV-2:;
zA3(z) + Pz)A3

z 3

where

E ! (!-iS) LI + az ]

?() -0 3 S
D(Z) s 1z72

cose [D +2acos(Sz+_.) j
0

and

2 sZ -az£
P~) = - ci JEs2(1~i6) s __)

a(Z 0 [l1-6 D + 2aco s z+, 2)]2 3. .

D

and

~ i 2(i-i,,)aZ A I (z)

Q(z) =- 2i1-24)
[D +2acos(Ez-)]2

The 3oitions to '!1-20) and (17-21) fall into 2 catecories, denenonc:

w;hether or not "(z) and ;*(z) oscillate very rapidly over distances where

A.'z) and A,(z) change appreciably.

Case i (1 is Not Small)

:f is not small then A. (z) and A., :) do not chance apprecia'bv

over
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A

os l-cos"

Since for Case I ,(z) and r*(z) oscillate :nan,/ times over distances where

A lz) and A (z) change significantly, the quantities P(z), Pz; ,. and Czz)
1 3

can be averaged over an oscillation wavelength A
os

oL r 12 l1 I +acosez+iasin~zO 's ; .. __s _) os z 5<P..(---)= - dz{
Aos (D 2acos~z) 2

,isl (-is) 2T I s tacosu+iasnu<- z) a- , 2'r duS
2:Tcos o a (D +2acosu)

0

ai 2

0 s du _T cosuc_<Piz > = o s{! f du+ a
cosC s o 2 o 2(D +2acosu) (D +2acosu)

0 0
.2.

i~l(-i) D I -2a2

<PzC> = - o* os -2sa 2
COS (D 2_4a 2 3/2

o

The :ompiex absorption ccefficient can be def:.ed as

- cose <P.z)>

or

D I -2a2

a IE 1
2 (1 is oL D s - 2 }

0 S (D-4a) 3/2

0

2quataon (:V-20) can then be approximated as

3 A (Z, + <P(z)> A (z) = D
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3 ,(z) - sec- A, (z) = 0

A (Z) A, ' :Se2 j

where A, '-) i--; -ne Lnci4Ient pribe tea-.n Amrnitjc4.

-ne sees :r 'r -- rnari..j V-..2

KPZ)> = os-~ <P'zj,

anl:'.*-2>" may --e appoxi:%aced as

z A 3(z) - -"A 3(z) < - - -

:*'eezer:'.g that A, (z) varies slowly over a distance :rne ; :3e

0~ ' S.

one can s.mclify (1IV-28) by defininc;

I0

(ID -4a

sc :-'8) becomnes
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3 A (z) -A z )  = ;A, (L) Z sec§(z-L) (I-29)
z 3 3

Using the bcundary condition that there is no incident signal beam, I.e.,

A 3(0) = 0, the solution to (IV-29) is

PA 1 (L)A 3) :tsece(z-L) _ (z-L) '(I/-30)
3( (sece-l) "

One quantity of interest is the signal beam intensity as it exists

the media !A (C) 2 since this is dn experimentally measurable quantlt.
'3

IA 3( ) !]2 - 1 P/' 2 IAI(L) 12 ,:-2RL + Z-2 Rsec6L

(sece-1)

S(l+seca) L

- 2Z cos[LI (I-sece)L]) 3 -1i)

wnere R 2

i 21'
+ 4 4

os s is
2 1 I 2 41 1 3/2

(i+62) 2 4)--I2 4-
S S 12~s

and

i 2i =- R (iv-32)

,nd

2 2
D a

02 2
(D I -2a

o s
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or

1 24 r2 2(----) (i. +-

2 I 2

s~ s I
S

-1 1 21 12 :-4

I s 2

Thus (IV-31) may be writ:en as

F II I I 2 I

2"4) - 4) 2s s I (L) 2

+ T7 .2 + 1 4 2z. , 2 s ne l
S S__ __ -I
I s i 2

s

-2: L -2; sec;L -,l+sec-)L
X 'ZR R 2Y. cos[i.(i-secj)LJ

w -.ere and are given explicitly by (17-32) and (IV-33) . Ncrma-v,

a Jecenerate :74M experiment the two pump beams and -he probe beam are

_b-a-ned 6y splitting one laser beam into three parts. When -Is is -e

:ase, one sees from '1*-35) that the output Braga diffracted signal beam

intensity will vary as the cube of the laser power.

A good measure of the "scattering efficiency" -, of the four wave

7_ixina process is the ratio of the exiting signal beam IAs kC) to the

exitinc robe beam :n The absence of the pump beam interactions.

*Jsing (17-25) and ,V-26), one obtains

i'2a

A 1(0) "A ( ,t 2' E =O ,= 2.

0

so the scattering efficiency n is civen by
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I14 i 4 2 A 0 L

IS- I S I i '" -2RL -2 psec-L _
4 2

L1 + +-- ) - -
s Is I

s (IV- 36

-- (lsec-)L
Rcos[, <l-sec! LJ)

The dependence of the scattering efficiency q on crossing angle 9

can be clarified somewhat whenever I,-('-sec:) is small.

This will usually be true since the experiment does not work well

i) IA is large since if fIL! is large the beams are essentially

extinguished in the crystal.

ai) is very large since the output Bragg diffracted signal beam

intensity decreases with increasing A.

h'us if {L(l-sece)! is small, then to first order in ZL7i-sec-!

:7-36) becomes

22-2 L 2a 0L 1+7
n=0 (1 + (l-sec )) ~ i7-37)

ZI+O-2 R' , .

whe re

212 2 2al a Di 2 = _ S_) 0
= 2 2 23
l+2 (D _4a')

0
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.7

I I 12 2
2 4) + 2 4

a 2 1 4 I
i+ Ii + 41 2143

I+ 2 4J

1 I
s

Ecuation (IV-37) shows that the scattering efficiency n decreases

with incieasing crossing angle 9.*

It is now of interest to calculate the scattering efficiency dhen

the pum intensity is well below saturation intensity, ;.e., when

1
-+ 2

AssuIing that I, then -o first order in -

s 3

2 and R become

O 2 - 4I +i )
2- 2 4 4 2

and

o (1 2 4

'R 2 S

so that (IV-37) becomes

a L I1 4( 1I ) 2 L
2 2 4

1+6 I is i[ ss

*.n thick samples, there will be another effect that will decrease

the cutput signal intensity with increasing crossing ancle . n thick
samcles, as i is increased, the beam overlap vol'ame in the sample may
Jecrease, which is not taken into account in this development.
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L 2(1 +1,4 )

x (l-sece)]} V-"

(I 2 + 4
To lowest order in (IV-38) becomesI

5

it L

well below i - +
saturation 

S

Exzer_.mentallv, one usuallv works with :rossing angles larceenccn

that Case : applies and Equation (IV-36), :V-37), or 1,:-"9) w1l1 be

acplicable. However, t is of interest tc derive the scatter:rne

z:ency for very small angles. In certain limiting cases to discover what

new effects should be expected at very small crossing angles.

Case 1- (H is Smali.

f is ver. small, then A. kz and A. z; Jo cha.ce :_,rec 1 v;

"5 =-co7 and thus ?(z) , Pz) , and :(z) cannot be averaged over ,.

Ecuatlons (IV-20) and (11-21) cannot be solved for exactly in

;ase, since P(z), Piz), and Q(z) cannot be averaced.

Ez-aticns (11-20) and (17-21) will be approx matel! so'.ed f-r -7

tne case where the pump beams are well below saturation _ntensltv, ... ,

a
for the case that is small.

5

Tne can now define a as

(l-i5) :2 + 4-
= (1+
(i .24 I
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dnd to first order in -L (1-22) becomes

II

The solution to Equation (IV-20) is then

(* Z) = .exp:Iiz - sn~*,- ~ s~-

C, s a constant which is determined from b'oundar,, conditt.os to --e

3;,,ven by

C A, (I-) exp -CL[L - 2a (~~ 'a O(~+j' P-2

s S

;:z.at~on (P1-41) then becomes

x:C~ ~~~~ 3. kZ x~~-)-~ sinC )ccsI

21

To first order in 3,'!_, Equation (IV-24) becomnes

1,Z) = :V-44) (C

ar2' s rI ce A(z) '<'A ~ ) ?(z) may be 3ptzroxima ted a s Pz ~ Sz

:rnat F~v1ati10n 'P-2may. be approxlmate(2 as
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A, z) JV4Jad i a:ntr:-nrr)s -

'-et 2r1e izis raaee and i ae rewrztaen -nt:zz

':e~n: e uing Dund r,,, on io.S _ __ _ _

7o-' eaom are interoiateon ainenated asn F asato 3ne' to,.....

tn ysal soon 'inusie ohe irerait ori smalwer cfr a",:- -:i.e

cre so aerel tetxent, thru th!ed Crya tat one -)acc ::x,

imr<ntaln 1eao bielv nexaiibe.-%aiieQ, 3 es a .

nts than angle isramter scant be re-rtoemeal elrse

7'-es takin a accro ill be ateood aspto -e los n

--.enir,,ful, soxperamen stal cofgurtion. o malr es 7.

are o everel ttenuted through the inoeIrsa-I na fro e £uuac=.:

zEzi terco -he~ exrde insaide -e ibneocesr:rr

S
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3 2~
S S

a acos(3- V4( 4 + L-cs3-~.1-7

Performing thgi integration, this becomes

S.~7-

ss

-ne :an' ,ise the boundarv ccndi;t--cn A (T) = to b'

ai. aC,
- - r. 3aa ~-

+ Cos)--L+4 ) (4 -,sr.

S

-Dne :an then substitute ~74)Into : '7-42) to obta~r.

:taC ZLz

ne -an exp ana !'1-42) c fs D or er in a,:1 to cobta In

-me c:ar. :.cw substat--te (IV-51) :nto ,,') J to obtaln -0

rer ',a,
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Z)
2 +

S

2a _ r (L- z) (L-z, -
ka 4 1- [sin( -)cos -

I 2 2
s

the output face z = o,

AaA f L) I ,,

A s - In LC -,'

X L3 - , X . l-n,7) '4 COS -

...e )utcut -ntensit-i of the Bragg scattered signai zea- w ,

ezua to A3(O) -, and to first order .n a/! t -s =s c.-en
3

SI i -2tL 2L2, 1 2 4 2' R T-2ah
A, 2) - i - 2 ) A 'L) 2 R 3a- Cos,'

I 3

l2aa

S sin - + A szn,--::'- 4

4a . - .7 - ) ,s-ins -
s1

+ + -2

2n 4

11 - = - %c2i 0



:ua.tiof (!'1-54) is the exp ression :or ne oupt3ragg scattered

si 7r. a 1 eam to first order -A~A or 2ASiF s mall. art( 2
Cs)

zxamn In ons result more close-.,, Or-e oa.se r, m _ OatOO2

t->.- at .all of the terms in (I'1-54) that are first order i-

al vary sonusoodally with the phase mismatch 2. of the two piomn neam.

:f - he2 um eams are wlohin the z-oherence : f aoh

roan .~e onase mosmatch . L! be:oo bv

w-ure --. s the lofference --n catih Leno 7-to eo'jeen the :-,,c bem ocMs.

e xoartccniv sernsi-toe 0.rao and to tne :-reclse o f~~to th.e

o-'ea. 7Chos _i': ver-. smal --eaoe,?>x~on >-2(ocot

inserted raL-a scattered 3 r :a. re an-_to pnate aortn ttht so-

2ts~r S ~ u'u to r faot:'r -r rn:ncr adaust:ments 'rmce

oan e nve__:7e sioro7ai. ont o nseros: tot .e to vortoos n reo:se

.,eme.71erinna that th.e "sca3t-er-ro :T oec frefu

7:on r cess 4-s th.-e ratio of the eio sicral beam Q\ tth

- Xotonc: rorne I eam on the azsence or t:-e ninc zneracro:ons .~

one obtains from P/1-43) that
D

5 he Sca tO ro i fo n c~o to r tl.a:s

- - rer :.1 12A _s-
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2aL L0

2 2i4 1+6 5 R L 2aL

2 2 1 s E2

ncrmalfl( +loesec decayl~ an -eas - -)c~c [from.y --e Le

*oeca-,sv of the snsoidalo excited states cIto 'ra-v c Th-'G)t~

,iereca x beausong the ecrease in ne :7rat tng ate cu ton,

norciatad r s h florescence decay an ecue x-cnr .ua~n tor .

asfs-ie, the -iensiit al as exie satescia Spaia aisriven. -y:C-e

nkx,,)

wh.e re k is aheongnhe drecton the gratirng waeo.Thr, -Jot Gf the

::rat:ina .n is -i-ven lov

-n kX=O, t) - (x '7,:) =
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where K is the decay constant aiven by

2 1)
K = 2 k D I-

The magnitude ot the grating wavevector k is given by

k = 2 = /sin(/2)
..

Fr small may be approximated as

2 -,

Since the scattering effi:iency is proportional to In (4), tne

aracz scattered signal beam intensity ! (t) may be written as

I (t) = I [iwAn>
s 0 W

2 t -Kt
s

t! re i-s :-e :nciden7 probe beam ,ntensitv and - is the Tumo beam

enslt-. Thus the Bragg diffracted signal beam. shoulJ iecay exponen-

-.cl!', wth ecay/ ccnszan t

2

K =

s i n (i --

hiznch or small angles becomes

2 3

K 7 '-65
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III. PROPERTIES OF NdxYlIxP5014 AND Nd xLalIxP5014 CRYSTALS

A significant amount of time was spent characterizing the optical proper-

ties of stochiometric laser materials for possible use in minilaser applica-

tions. The most significant result of these investigations are summarized

in the following three manuscripts. Additional information on the quantum

efficiency of these materials is presented in Section V.I.
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i Ph-t h,- 5.5.4, oI .i it 345 3V.5
1.1- LIJi 1W InINe .. l i r4-1~

LIFETIME MIEASUREMENTS, INFRARED AND
PHOTOACOUSTIC SPECTROSCOPY OF NdI15O1.,

RICHARD C. POWELL, DKEA\ P. NFIKIRK, JOH. M. FLAIsFrrt

Department of* Pbs sics. Oklthoniai State University, Stillwaster. OK '40174. U SA.

and

JoHN G. GLJALTIERI

A
5 rm,, Night Vision and hlctra-Optics Laiboraitory, Fort Moninouth.I 1J oi3 U S

iR.ceiid I I Jime 1979, atcepled 24,A uCjst 19
7

1j)

tlisrct - \'.e have niade " series of speciroskopic iiieasiiteiflnts ito better kindcr,iiid the tmpia-I properties

and concentration quenching characteristies of the stoichiometric laser materialj Ndl't), ,I tie jesuits-f
fluorescence lifetime measurements itt the presence of different surface environments ndi;aies that the
,urtave condition affects the coincentration quenching whereas lifetime measurements under applied imix.ii
,tress shiow itat the presence of* internal itraiins in the crystal is not significand ' cffc~tive in luorecene
quenching. A comparison of ihe internal reflection spectruin with the normal infrared spectrum diki liii

reveail ain , significint differences in the Nd 3' eneilty lesels. 131-ot acoustic ipeCdr,sp results prosied

ditliculi to interpret but aippear to he consistent .with the presence of surface quenching it eseitonnsind

ndicate that the intrittsic quanum efbciencs of Nd' ions :n the pentaphosphite host in the tbsence )It

coricentratioti quenching is approximately 0,901.

I. i~rRot)LCTIoN results of laser photoa.oustijc metasuretmenrts. Al.

Uttderstaitdig tlteopttcal properties ofNdPO 1 4 is of though the results do not conclusively prose which

,jiianiiitt Itmportance because of the use of this mocdel of cotncentratiotn qocndhitg It, correct for thi~s

Material in inintlaser applications :1 '. One of the most ss stem., they are .onsistent with an interpretation

interestinia properties of this matertal is thle small based on surl .ace queinching and cannot he easil%

aMOunt kit . ontcenfni~tiIon quenching~ of thte fluo- explained by migration ito randornly disitibuted sinks.

res:efle Comipared to that of N ~ itt other types, of In addition measuremenits )I the iluotescetice lilemime

hosts. Fhere ippear to he two posstbilities for under conditionss of uniaxial sIre~s Indtcate that

explaining concenltration quenI ching in NdPO,,. 'Fite i nte rna Ist ra Ins are not feketise n producing increased

;irst is Niic 11siti llo itmo sink4 Awhikelt ire delcct q iietChIiig Js would he Cek ctei !Vr in k cI R .,nd

sIteN at %%flich the energy is; dissipated radiation- inierinai reflecLton spar sere obtairni !n imi attempt

esl 2 I i1C 5CCOId is, the quecnchinlg of excitons at to characterie quen,.iiim, centers hut it ceat were

the surtace oft the crsstal '3'. We describe here the Inconclusive.

resbult.N )f * ea different types of spectrONcopic
:neasurernent, "hichl pros ide further information 1. EI~ItE Rvmst F~INrs

conLCMrIna :he characteristics ol fluorescence quen- TefloscneietteofNf emsincne

ctittia in \dP3 U,,. used as a measure of the rate of concentration
W e rcently published the results ofan investigatton qecigAt h unhn aedfnda

of d~j ,O, :r, stals uigtime-resolved site-

5eiectiont spectroscopv techniques 341. One of the

:oniclusiotts drawn from this work was that spatial
eneres\ tIiiuration w as taktng place in this material
witholut spectral ditiu~ion. More recent fluorescence where -,, is the intrinsic deca. ,title and -is the decas

line narrowing experimnents corroborate this conclu- thie measured in the presence of quenching. In lightly

,tomn ait least at low temperatures 5'. The observation doped crystals of Nd,'s : _11 0 1, at room tempera-

,no enerues transfer between ions tn nonequivalent tore the value of :. is measured to he about 22otpsec

r% tai field sites casts some doubt on the possibility of whereas for concentraited NdP',O, (Ie tneaiired

a1 quenchinig trans~fer occurring to ions in randomly values of r range from about ltMk I21,1see at roomn

distrihuied sink sites. Howhever, a consistent Interpret- temperature dependitng on the exact, wsxelenpth ot'

mumo of the results can be provided by a miodel of excitation 3 1. We performied a series ofimeasurements

trappilng and quenching of exettons it a macroscopic of the fluorescence lifetime oi Nd r0 % crstals with

!elect reiin such as the sample surface. dilferent types of perturbations affecting either the

We repiort here the results of measurtng the surface or itntertor environints of the 'Nd3" ions to

filuorescence ifetime of Ndl' ,O,, crystals in the determine how such environmiental cainges affect the

;1resenLC of dillerent surface environm-ents and the concentration quenching.
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146 RIIARD C. POWI-L, DEAN P NiliRK. JOHN M. FL.Aii KI) .and Jiol (, G'~ %L11 R1

ia) LjiVC: Oj Siirjuce environments -

hie firs' of these experiments Consisted -0- -0

neaisurint thle fluorescenice lifetime of the crvsa
immersed in %arious ix pes o1 solutions which should 80--

pertrb te eviromen of d' ons at the surfiice 01
(lhe crvstal. %Mea-surements were made at room a~ 60
temperature using the satnie experimental equipment V. y r-7_

and procedure described previouss .3' with the 0!. I I4D,
excitation laser tuned to give a value of : 120 tisec -4

for an air or vacuum environment. We lound that in a H T~
concentrated solution of hydrofluoric acid the decav 207

time was decreased to about 04 osec. in concentrated
solutions of carbon tetrachloride or :arbon disullide
:he decrease in lifetime was about half this imount ID 5CC -~ -C

w hereas whlen the sample was immersed in acetone. no
change in lifetime was detectable. VIL.IHoeci~ ,n i I CL .

To further check the effects of the iurt 'ce _ ltoe~iev c1i 'c

concentration quenching a sample was grown which lntolo AIM1 r" -n k

,bad an \dPO,, substrate and an epitaxtal laser ot irgnLlrP;pe! .C -!.1
d,, 4La,,,,P,~O,,. For the preparation of the uoeen ltitewi ,2r .ris.

epitaxial laver, the methods used for the growth of aple -itc' Te :Cesu i,c .w .

cry ts %%~ ere epod.The seed w as lowered into the i pcitol'lcl )
soluiion w hilt wkas .kept at a temnperature in the range

2lX s.result., Mi Onlk 1i:; !ok!11 0 it . ie2
of' 5ti10-55IVC. Eptiaxtal grow-th proceeded f'or three o ~ loeotc ;cic

dasuntil a I mim thick layer was .!row n. Flu, Oif k or, r ii ta,s uecinca;.

COrresponds to a iclati ely fast growth rate ofgnial sottc i ~asi ee

14S in hrt. A\ snil region of the substrate at one end )t
the amnple wajs left uncovered. To qtialitativ .r iliiprettn siri i- ~~t .

- dlferences mn te ner' es ci tu:ue io
evaluate thle rvrrlection of the overgrowth. Laue X-ra) -eaaint cu I'u.teO~tai'
')ack rclection paitterns were obtained. Sharp spot steswudbeexctdI iru t;i.
Patterns %with thle sarne s% mmetrv conti 2ut atiOns W ele s trains nth arnpole an.hi rt~e.r-c, !.
obiawied froim both the substrite arid overigro\Atb uiw ofin ite reulin re n,:t~c ic

indicatng bhat both re%!ions were sinule cr\ stallii and I swl nw htrcd iir.:erah
here is no misalivn ment between t hem. Noes idence 01 f .errociastic cr'. t.il -nu sii di.. .

mosai1c structure or latti~e Cotsntnismat tch cui~d he
fo ndintroducedl tito the 'r (,(I 'si ; ' 111-1t.
toit.- The fact that .inI' a stoWI -ItOt e ;11 JU rl- :,,e Ii

A comparison was made oftile fluorescence lifetitmes obevdenwtta retagiue01P tiC
measured wxhen the sample wis excited through the iniae thtrI~m\dsrbte ii ierrrs

expitaxial layer and in the region of uncosered ifor te ta ndrkitridiiuiess ink c;,car e -)o

.substrate material. At room tenmperature with 1,11, n th Cse epnil
particular laser excitation wavelength which was Used ti ae
the lifetime measured with sulbstrate excitation was
Ii usec whereas the lifetime measured after excitation 3. NI'tCflti)N( 01'1ti \F %si R 1 I 1

through the epitaxial laver was 11,uec t~at IR spectra

Thef fact that the Ijuorescence lifetime can be altered If radiationiess queitchiing ) UJ urs 'A: 'ur.,. 1

h% thle surface environment of the crystal indicates that NdJP.() 4 crystals nut not :ii !e rsulk .1 i tc, hr

the surface p-lays ,ome role ill the coticentrawin expected that the enecrg% !e cis of \d3 lin in !-

quetnching of fluorescence in NdP5 
0 i4 Ho\-e' er. it siteS are shifted in pkvsition it h respect 'o those 11 wn

has tlot yet been possible to find the environnment in normal jt,,i suc.h a w .i~v thut ross reiax.iti

necesNsary for significantly reducing the quenchittg. transitions are more Lisorable. One way I 'i ticst,
occur is the shifting Al the 'I, , , les ci to lower ree

0)i (i to iai s re.ss ptctsutrri its An at temnpt w a sn. de to detect sU~ ucl .s Si 1

Fluores:encve lifetime measurements were mlade comparing the nterirai reletion spe-tr'rnl to iL
while samples wvere under uniaxtal stiess to determine ordinary transmission .jex r ato

thle contribution to the I'luorescentc q uenchingt due to The internal retlection spect riim )h \d P A,,, ~
energy igration ito randomlyv distributed Sotnks. A obtained in thc reeton of the '11 . 'I. 1d'I
sam ple Of Nd,,, 5 Y A AO4 ws nmounted in a dew ar level', usNgr a P'erkin [tlter moc -'I os i'

containing ati h ' draulically driven piston and meter wh thle 'A Iks retlecanmtt cc*t t.aimtei I Ve
immersed in liquid initrogen The a~mple was Leakcd saiiiplcs %%ere mn'utiwed oiihA;j~ tbiK iiiit

comtpressed ailong the r-axis and e xcited by thle ioile KR S-. prisms 5%%iii ndc- '11wo
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1-JetumriI easurements. infrared and photuacuustic fcrocop% of Ndp,O , 34"

processes by detecting the bOund producd in an
4 acoustiCal cell when a sample is exciltd bv ;

111/12 periodically varying light source '", We previousis

F reported on the PA spectra of NdjY - ,5 ,, crystals

and the basic experimental apparatus is described in
4 11312 Ref L"3 ]. Two additional tv pes (if PA measurements

S (a) have now been performed on this set Of samples using

61- the individual linesGofan argon ion laser for excitation.
(f This light was chopped at frequencies varying from1 4 100U-2700 Hz and the laser power was continuus

L_44nmnitored and tai iie t a level ON0.15 W 'rite PN
'15/2 sgainensities fruin the saimples were more than two

- orders, of magnitude greaiter tfhan noise ind em pi ,.cell
2 ogna Is.

(b The first experiment %.is to record the osaximuim P-%

0 signail from the various iamples it twelve or more
2 ~ 6 7 chopping frequencies .alter excitation with the

2x' 3 rn _34 145A tirgon laser line. The reults are shown in F-:L.3
51X'0 CM. ) for the NdP,01 tnd Nd, 't, 41PO. , amiples. File

Fir%. I ai ntera or tc~n ihietra fNd, lightly doped sample shiows a PA signai intensit.;

which varies is I through o it the Ahole rai ace 0
freq uencies ins~estigated w hereas the L(Irce nirated

n ot The b fiiectiion was chosen because sample signal varies aN i. at ireq uecc.s up to ihout
\d , p.) cnh leated perpendicular to the -450 Hiz and thetn varies asi at higher fre~, UetII tS,

i' axis. The !lalcss o itle 10l0lt Jeated surface is Samples with intermediate Concentrations exhibit PA
i picalk it) am over the total Lrma of the sample. This signal intensities whici %ary with chopping 'freq Lency
elimitnate., polishitig procedures and tields a surfaee between a v,- 'and 1,

free of contaminants The Wilks mnicro-sampling trains- The thickness of these samples is of the order of one
mfisitn iltichillent was used to obtain a transmission millimeter and the optical penetration depth iI,
spetrUum under itiar conditions to those used in) the a )varies between aboui 7 00~pm :or the
internail reflection measurement. The two spectra te concentration samiple and "(Mj pm for [tie 10",
shown in Ftc. 2, Wid'e slits (400 pin were used to sam ple at this excita tion waeeth cordn to the
!rpros e the signal to ntoise ratio. Although this thoyo oeewgad(esotR i h thermial

hricthe spectra,!to shifts in the ceitroidsN Of thle ditrusion length varieswtchpigreuocas.

*1nultipicis can1 lbe detctedC.
-rte penctraftot depth of the sattescent wave in the

rairer iteduun in intertial reflection is ty picall. on the .
,order of ot ', Itt :he -pectral region insestigated the
pis bo SIX ith tinte the attice spain in t hech 10o 1
is netraft .n depth otide bhe laipe p.acing lin th whh o
direction. The Iac of observation of a spectral shift in 80- Nd Y, P0
,rie intertial relleL11nit results does not neLcSarily 60
prose that the energy eselsS )f Nd3, ions it surface 40,-t

,ite, ire tot perturbed. It mis be that the region
,armipicd -'so) Lrte thait the mnairit% of totis involved in

transition, -ire locatcd in biitk sites insteadi of surface 20k
,ites

-\notber point to note about the infrared specrum 0*
in Fig. 2 s, thait no tnpurit) hinds can be observed iti - J

the region between 280)0 and 3800cim - 'It is well
known fiiat phosphate matenrils can containm Ixt 'dro- 6~i

gen impurities whici :.an act as quenchting centers 1,-r -

urninescence. This doe- lot appear to he the caise here

since OH vibrationat tranittions would be eaisils V
insieante naR-inno h sscr

too 2100 400 300 2000 4000

(b) Photoacoustic %pectrosopv c 'H z)
photoacoustic I PA I )pectriscop ;s a technique F!L 3' 11 .vilig C11%% hoppmv lrcqucnL% at-s

wdsdirectly nsonito~s raldiattonless relaxaitionm ietmriture tor A4* e\,.:i.ttLon
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where /I is the thermal diffusivity. For NJP& 40 the 2 2 fE

largest value of/1 is t'91 -10 cm2 'cc aId.1IL thu~s,. 1 20~- E7_ 1 __ 2__ 12

= 27Wh HLz It is approximately 2714im at 45111 v. ~here 1

the change in slope occurs in the curs e for tile IN)"t 16 _________

sample is seen in Fig. 3. _________

F-rom the above consid.:itionis the results oi these r 4

cxperiments should be classified in terms of the special -7-t22_E

cases of the RG theory ais an opticalhs thin-thermial Y
thick case for the 10%, sample and an optically thick- _X
thermally thick case for the 1IO",, sample. Since 8' 76 05

1,,I ., In all cases thle PA signal intensity is expected I !b 2 3 44

to, %ar s i The fact that tNs is not' obsersed ,is 6 1 'E4 T 12 "A

probhol doe ito the fact that thle RG theors is. based ,! 4 4,I

neMI-0 II.cS ii)iial in odel Ahere the thermal i ad ic t 2-
it !he excited surface causes uniformn heait [low back V2 1/2

:nto the cell. In these experimients a smnall area o1 the E13
total s iinple surface is excited by the laser beami ind
the heat is cenerated in a cylindrical vrolutnre within thle !g 4 1 lir C~eis '11t qiIii or\

.. imple. The heat generated in a laser close to thle front
surtace till is dominated by the temperature gradient
at the surface and contributes to the PA signal as quenching in Whchdl mf the encr-2t in I,_ is lost to
predicted h the one-dimensional theory. However, heat. After transitions to the higher ' \ nit groun11d term
urther into the sample. the heat flow is dominated by lexels. heat is generated hs ' radiationtess relaxation I

the temperature gradient radially out from thle excited thc lowest groutnd iexci. These lc,els itnd transition
,Alfinder and most of it \will never reach thle surfac-, te rates are labeled in Fig. -I. The quantumn ctiic:enlc;.
,A :thin ai duix cycle to contribute to the detected p, f probability ofnottiradiaitixereiaix~itiofn. and prohbabilit.%
iigntal. Compariniz these considerations with the results of concentraition queniching of the meltstanle tatc are

obtained on the 10t",, samipie indicate that the efrecti\xe givelt bx
optical laser depth tor heat contributing to the PIA QE 11Y~ (11 -t' ItI
sikinal ! is Ii 1) iim. the smallest value of 1,, F-or (It lv lit-

.- 1,the RG lteor predicts a ve ' variation of thle 'K K I

PA, sitnal :ntensit% as obsetr/Cd. For the I W" f iample P, It lK - i t,, - "

appl tIig the ibove consi derat ions to thle data sho~kn III txiliite condition
:!i Fi. 3 indicate that thie effectits e optical I.,ser is 155 o
aind .i tialf times greater tfian that in tile 10"',, sample A QE- 1" I
possible: explanation for this is the added contribution
ito the PA inal from thle heat generated bn the T he expression for the PA 1IenLd 11 tq;:-. 1 iie

diffusion and surfaice quenching of excitons. Although ilter excitation in eniern' lcxci h. i,
these PA results are oh\ tousls, too) complicated to he
considered proof of exciton migration and -surface ,il= OP , iV~O' co,; .j i -i
q uenc hing, this interpretation is at least consistent
with previous results indicating exciton inigration -

lengths of the order of tens ofrimicrons and quenchint
it the surface, \here 1f) is tilh oe hohd SII~~

Thle second PA ex perimnent performed onl these -accounting for properties 01' he c!!l and jeIte:,)n

~aniples was an attempt to measure their absolute e.adtl siiaini ~r Lltaaol

quantum etliciencN. The maxima PA intensity and ti e wI hta spoue.s~5tep'bblt r~
phase at sigtnal miaximumn was mecasured for twti E, nritie rgiyso tooccr tasit lan cx:: :is ta e
different waxelengibs of excitation at two different E steeeg ftu rniintn 2- h
Lhopping frequencies. The 4765 and 5145A lines of phase shift of the sierial due to the lilttime of the nitial
the argon laser were used for excitation amnd lexci and q1 is tie p~ftse -shift due to thic detection
nmeasurements were made with i' = 3 12 and IIM) liz. procedure. For \JP~i d(o3 e;ec

The Nd2 enerizx level model used to interpret these positioi\5 amnd bral'tchine6 ratio, are k (noii I f Jails

dlata is shown in Fiv. 4. A-fter absorption into lexels E- the mnetastable lexci fits a Iu, enouglh !jtte t,
or E- heat t, g-enerated b\ radiationless relaxation to introduce a inxea~urahlc phsic hll :rnto tile sigl1.
the metastabl -e level E,'. This level has radiative F,,Aluatinc' lie sumn in eqn i5 explicimi. leads to-
ransitionis to thle various mnultiplets of tile '[, term
with branching, ratios h,,. There are also the 1I 0

t U (P K1 i L cit5 t_

possihilities of nonradiatixe deca% and concenitration (E Q - ' Q os (W4 .it "1
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ltr, - is the lilictirne of the metastable level and rough estimate. Quimhi v mid Yen 12 hiave rep, 'ned

mevasuremntls of the quanti Un ctlicleuw -t Nitm

E, h, 4 E'4 - h, j j h, , E'1 (7) in I ilass host using PA measuremtent.., I hie liodcl
used in thle interpretation of their data is oimilar to the

Ili Order to eliniiate the unknown experimental factor one used here except that phase sifts for Jiiletecnt
C. w&e took thle ratio of PA sitinals at two different transitions were not -onsideied. Their results indicate
excitation wavelengths. Solving for QE gives a Qti(O( ol' between 1i.05 and 0.75 lor Nd' in glass.

oE = _________________

.-lE., cosi~, -II- - AE, cos IV tan '(27tv,r7, -l - U, 5 eos~i -1 cosi,,- tan t~

-l citsI, . tan 1(2:i v:. - ii - cos .I tan 1~ :. -,

A iere the ti and - uthxeri pis retcr to exilation aI tI4

,ii -ThOSA. rectssAnid thte fatctor It is

E, il'-1"'. II 14. ht 1l 4~ i % t)% I A0 t 11101'

Thec sarioux results dlescrihed here Pro'side :ulher
Nine tueilee t, he jxcl for vi Ile Still III qLestion. a intomaiion oil !ie ,ptical properties 4 Ndf'.t

... ic~jiiioit w ecener,!ted hN maxnmizing e~jI 1 01t Ht the lifetitme and PA flAIaLreme: !11,11 '~a

.sith rcjt:0 '' it1Hd ii for A hich eises Ele suriac- pu 'oni, -kde mthe c-cviiraiun
qucilching AI :h nialciial hul the..'alirc :-,i

i 1IUiCe .n dewine fltti uie mecchaninU

I lilt,.,i aUsi :nea1Luretlnt maetd n. % u;/c; 'I

:101pderedj ainpies initdcate that radiation essx micn-

nItL is .rcatc: :,) j-ow dcrs Af 5044 -eln silc !1in im

l ita st, hlil Is i1. W11t,11ent with 'he

LqUakio:4 lxmdilet:o Cuition10s 061.ained ~it o n A dc~is I~ a puei-Intii I %lore dir,.%t
-1 r !%%( iArcnt excItiiin waselcneths can now Miesiilrmci, o; e\L!litdlluso n'UI Ii IlaildWflt

e InIU1li0iJIiIOSl\ in an iterative was to ..shin *it lin~~ .:rc i'1cwik Inm: Ce

. .11 !cue ',AiUC or Q1L. ra chleck the uniq ueness Ofih I i i:hoxl c'iihoii :ni
: tiii iocesiure A-as iepeated tsr both dlopping~ cin fnLeritili' :1/ mniLcmL!

.rcL4aeIIies.
I )r tile \dlt"() ,, sample a qluantumn elficiencs )1 t1, 1,S,10'co~ 11 1111 1 1, ork I, U;iTorieu 'I !!v PS

o 4$ wa luno b), the method described: above Ilii(is \rizv Recsetli IiL ic xuilors .eil .iv~

usete pweransrbe ineqn i wx a~umd t b ilie h.elp di I) I) smnith :i1d \. H Zewilmi ii nuking Ole i
,,k ~ ~ ~ ~ ~ vit~emr til Noe absrbe iuSq 191 \ii/fli.n t b

tile total ntc:ident power '-or both wka,,cleinethso
exittioti. The 5 ait~e of thle qjUantumn etlicienic ' :n the 1RI(Fi

ihsence oi concentration quenching can he found from I isnii S R.. I Ionia 11 Y-R andi Pierce J W .r ir

to e expre-ion Oh to) i I2Ei. x1, .. - The combined 12,6'4 1 9'61. Daielieer It. GI anu Shrif P.. ILEt.

lifetime1 and Qko %:I results mIdicate that QLi 0) : .1 1-uanim 1.1,% 8. R015 1 19-2 Damiicrner H.'. In

irproximatel 11 ) for Nd PA)4 . Similar anal',st of i *t4rdpr r ice% in fth Nl.j tih Phi \

ao '' In Fdmted H\ It J Qiie.mer,
thle t i 20 ainiple Wi/s Q Et. Ii=12 d QL(O I Pergi.rOn S ieA.. lluicwitI \A ee It P'.

)01 Opt and )ui:i mm hleil. 7. 431 t 95 Z

fThe abose proceduure for determining quantum Lernpicki A. i ito x ( mim 23. 136 (I S

e:thicienc b% taking thle ratio ofiwo PA signals was hirs iihens J 1.1 mJ Powell R.K Phi., Ri R19,

-umigesied b% Rockles I I ,and applied to a simpler 4 t-ihcrts J \t .ind Po~e.I R , i:. 'nm.v -'h.
,.c where phase angles for different tratnsmiOnS did sf1 , Ijs

tot pies/ii d problem. .\lthouelh the results Obtained I 'well R. C , S ilai I) I) .,ni ZcwailA 11 . ,plIse
o iNdPt) appear to he reasonable. it should he. resulix

Piliuited Miii thai the 'due obtained for QI:. isexiremels, I i W ~ . I 11,T Iici .Cn ia-oI' . it~i I)tB11

.en otis e to the piramneter I ind even s cry smail id Lvc Roux ( t~p i PfTis 46, >4 -

,hanl-e .,- factors uch as tile ratio Of j)OwerC absorbed bilxiT.SwiiIIkeIt NniKntKII
-All Cattse sik.'itittvaiit chang1IeS In thle predicted QE. This i'iivi J ,."Jil 441. *ST, 1976i

Iipev Ia pronlem when we ire leailitc %kith It ROCn iA. In li -h 'se ii I' etroprl ind] !.tr,in

sit ,i' ilonl hliinutit imolernent w ith at elfectve thermal Ii0.Vol 46. r :1), \cidlinic I"Cs. \css irk

avel is discu.ssed pres tously ind. Ih s. thle %al UC Rottmcwaig S inI (-ershi V . Iippi Pins 47, 64

,bsainied for Q2EWi mu ,t be sonsidered a~sonls a s er it0701,
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Effects of pressure on the spectra and lifetimes of'
Nd1Y1 -. P50 14

Larr. D kierkiell Ilan L Spin-ri d Ric.h ard C Po%% el'
PhI? sics De;rIrtnrcnI. k. okt 'rd 1, r Forr:I. t (ollm.'. ,mirado -,51123. s

* thss,c Depajrtmnt I ,,rhowi.i i-a, ,e r 'II , 11 i'S.,1~j ! I Aj,,inr -4'hi1 , t

,'4'. I , S IU[C .I' 'U 1 0 % I f I, : PIi. I' p .I cdi r I n II I Nit' 1) ) . i Nu. 't .1) II

I h, ;c:u, 1,t !he nri joped aiie itr! ins,,tcnt ximh cflanizc, inthie radmeiaty.
r. sNhie the %or% !i:!er,:nt risults otinied on the heas,v doped jrnrple are Inter - icd Ii

ei Ti-il tni:cte rjjdmdtlon les .uueninI4 due tu enere\ Mitonmt to iri-ppin, sites Resumr
,Ire J~o teporied (in ne s-imatr'rs in the lluorescetic emirrrs )I !he R. irles" .nu !he

p iaat rtc s, Ifi, 'C flind rcP~ rul. a sa n, i nn ' li' jror'rjtic pressure

1. Introduction

The study of the effects Of pressure on the optical properties of ipurity ions in solids
,,,n be Useful in many regards. Chanzes in the widths, Posit ions, and lifetimnes of
ielectronic transitions and their vibrational sidehands Us a functtotn o1 applied pressure
can ci' LIe Important information concerningr thle intteraction Af thle rnpUrit\ io-u with its
suLrroundinLgs (Drotning and Drickamer 19-0. T'.ner arnd Dritekarner 1Q~7. Klick et al
1-07. Webster and Drickamrer MYO). Diamond anvil high-pressure cells are convenient

rsuch in vest igat ions, reqluiring the study' of very small sampe.Iitsrgadte

liLght Intensity and small size of the illuminated are'a available with lasers are valuable.
The A.ork reported here represents an exploraitory application of thle techniques of

pulse,-d laser excitation and gated electronics for timre-resolved fluorescence studies at
high- pressures in a diamond anvil cell.

The measurements reported here iniclude studies of the effects of pressure onl the
absorption and fluorescence spectra and the lifetimes of NdY - 1,0,, for x = (). 1 and
1 0. Ini recent years there has been signihicant interest in understandiig the optical
characteristics of NdPO1, hecause of its properties as a stotchiometric laser material for
minilaser applications (Weber 1975). One of the mlost important properties oIf this
material, %%~ hich is still not understood, is the niature of the mechanism givine rise to the
weak conlcentraion quenching of the t'luoresence. These pressure-depenldent results
ei' e ne.~ information on the fluorescenc quenching in this material %%~ hich is consistent

i ir ddrev. t'hNics Departtecni, Oklihmrtra State Urnisersirs,. Slulkkalicr. (Jkiahoma _4078. L SA

i H'122-3' 11) 1 1 1421027 -12 $01.50) iKC 1981 The Institute of Ph'. sics 0
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with an energy migration model. In addition results are presented on the pressure
dependence ot the fluorescence spectra and lifetimes of heavily doped ruby cr.stals,
see section V.2.

2. Experimental details

The diamond anvil high-pressure cells used for this study were designed by one of us
(ILS) and are very similar to a cell described previously (Yu et al 1979). The major
modification made in the cells used here is the opening of a conical hole of 16' included
angle in the piston and driving screw, allowing optical access with approximately. /3.5
aperture. A fluid of approximately four parts methanol to one part ethanol served to
maintain hydrostatic and homogeneous pressures.

Pressure wa"s monitored by observation of the wavcength shilt of the R, tiuoresccnce
line of rub,. For pressures in the range of interest to this work. this shift has been found
to be +tI.3n5 A kbar (Piermarini et al 1975). Also, a correction was made for the
temperature shift of the line, which is i-0.067 A K ' near room temperature (Paeizold
1)51) due to small drifts in room temperature, at which all measurements were made.
['he ruby fluorescence was excited hy about 10 mW of power from the 5145 A line of an
irLton laser, which has been found empirically to be considerably less than the power

required to measurably raise the temperature ol the ,mall chips of ruby tpicall, used
( 10-31 pir on a side). Fhe R-line spectra were measured \A ith sufficient resolution that
the accurac, of the pressure measurements ;, as unitcd ,, noise :and waveleneth ca!i-
bration to about = 1 kbar.

The litetime and high-resolution :luorescence measurements of the 'F, - -1, , tran-
sitions i the NdY_ -,P O,,samples andotthe rub\ transitionswvere made with excitaton
by the 5145 A line of the argon laser focused onto the sample through the driving screw
end of the pressure cell. Fluorescence was collected from the opposite end of the cell.
focused onto the entrance slit of a one-meter monochromator equipped with grating
blazed at I Lml: and detected by i cooled RCA C31034 photomultiplier tube. For
anal.% sig the ruby , ibronic spectra, a resolution of about 0.4 A was used and for the
pcntaphosphate spectra the resolution i.as about 1,2 A. To record stead -,,I ate 'pectri.
the excitation power was about it) nW. the beam v, as mechanically chopped at lt)(l Hz.
and the ,ignal ,iinalvsed b * a lock-in amplifier For lifetime measurements in clectro-
optic shutter was used to generate 50 4s pulses with pulse hetghts chosen to keep :he
average power well below 1f) mW. The decay times were analysed by a boxcar integrator.

Optical absorption measurements were made using a i) \W quartz-halogen larp
through a l.4 1\ monochromator for the illumination source. The light was detected b,,
a cooled RCA C31034 photomultiplier tube whose output was measured h a pco-
ammeter. The observed shift in the ruby R , fluorescence line position indicates that the
light source caused sample temperatures to be raised by about 5 to 10 K in these
experiments.

For infrared fluorescence measurements, the ,ample was illuminated by up to
200 mW of power of the 5145 A line of the argon laser, which caused less temperature
rise than the transmission experiment, and the signal was chopped at 500} Hz. The
fluorescence was detected by a cooled PbS detector whose output was analysed by a
lock-in amplifier.

The samples used in these measurements were chips broken from single crystals.
The ruby was inalysed by atomic absorption and found to have about 0.03" Cr - ions
replacing the iluminium. The Nd, ;Y,,,P,0 4 and NdPOt1 crystals cleave easily and it
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was thus possible ito choose tlat pieces with parallel faces for the optical transmission
experiments. However. it w~as difficult to measure the thicknesses of these small pieces
accuratels so only relative absorption coefficients of a given piece are reported at the
various pressures.

3. Nd. Y -,P;0,4 results and interpretation

The fluorescence decay times of the Nd' emission in the two pentaphosphate samples
were measured at several pressures up to about 0 khar. Tfhe fluorescence decay rates
are plotted in figure 1. The deca% curves for NJP1,O: were simple exponientials at Lill
pressures. At low pressures. the dicay curve,~ tor Nd, iY. P,) % were ilso pure expsi-
nentials but at higher pressure a faster initial decay ads obser).ed to Lyrom. int, wo
difficult to get a quantitative value for this initial deca,, time, since it was not Lrcails
different from the ass mptotie time and lasted tor only ihout the i st 01) uss of tht dcca\

[igr 1. 1 otifu rsec Ic. ae tT cc nw I In 0-iI:_____________sur

Fii-ure show tei fuirescence seca o thi 'F-, -'1,,- Nd trnstin Lit

and high pressures for both pentaphosphate samples. The shifts in positions, chanices in
relative intensities, ind variations in lineshapes wvith pressure are different for the two
samples. Figure 3 shows plots of the line positions versus pressure and the pressure-
dependent wkidths of tvo of the transitions are shown in tiozure-4. These are the only' t sm

lines well cnouiozh resolved to allow~ their 's idths to ibe measured accuratels [ he labets
for these transitions are R, and R, for the lower- and hivher-encrgv crsstal-field comi-
ponents ot the 'F; metastable state and Z, refers to the ground state. The shape of the
Rz-Z 1 transition in NdP? O14 was analysed to determine the homogeneous (Ocrentzian)
contribution to the linewidth and this is also shown in figure 4. All of the lives in thte
spectra of NdPhO: 4 appeared to narrow at high pressures sinmilarly to the data show n in
figure -1. The equivalent transitions in Ndn , .P5014 all broadened considerably % ith
pressure. hut they were not wvell enough resolved to make quantit:itive measuremnrts
if tht: widths as can be seen in figure 2.
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47-

Fi:ure 4. P:=cwur,' Jceedcn2. Ilic R( Z ,:<t n ~i 7. d Z;- to 'i

PIe tinle Positions tor 1~P~ rcshoxn in table 1at low and high preSSUre Yes
atec --o)[iilild :rum x sihle ah'iorpLIOnI and tHuorescence spectra and prom infrared m-
,ion spoe:tra . Ih t-irsecs to the 1! 1110 1; ttmitolds were neasu red v. Ith % e r
'A [ie dits on the nionochrontalo 6ue to the poor -crnsitix'ity of the PhS detector and thus
ottix the totall hre~idths of these manifolds are 6%xefl. Transitions to the '1, ,c lecls -.v re

,(k %ean to othsc rx ceither- in !1,uorcesee:nce: or abhsorption tor a ,ample mnall eiiough for
inioiid :ell tu ties tumd the execk listed Ii table I ire tak-en from Matte et ai (j)and

xuo~ i ;o cop e en~s.Note iha most oA ,hc cx es mox C to lktx, er miLeisA t
mic;-cxsitie ?restret somne :irppejr to he more ensjtix c to pre-> urc !han others.

1Ihe :ne %ritin i pressure ohnserved in !h,. :uorce:-nceL ,pcr' i t he
.jotld.o '.1itipie .and the ime ;titrroxnc ren ried it ti,/ire -- or *he ficavo Y I; !,,u

,,Iimtte iru di~ntttcal interprt, !Ite maiterials. ,ueh ;is Y .-A\I-..Nd'- th tolicomo-
'ieScoiltrthuuitcni to moe 'inewidths hals aCit Ltitrihuted to ph itott iinir~~ :7,t

[mission I raltons atn-ong the va rioLuS celCs Of :,aCh manlifod (Kushida 'no Foese
prucesse ~s may change with pressure -is the positions of the Lnergex .e~ cix chin' i
e:XaCtcctot 0ot Ai:ch changes, ;s not possihle w ithout data onl the prc ,sureiron
ot the'.brtoa properties of these,, crxtals.

:,he obsers Ca ice in the nuiore~scetee dc'. rate at hi!!h rCeSsure 5.0Ui jNt'ihlV
trinj due to mie )t three ci feets: an increase, in thiadiltixe Jceasi rate Ot .. Nd ion:
itnera :n the no-rafdiaiWe deco;, - 1tc o: ech Nd ~ (in)r annresinh

1j C[,L- (-;1 d 1 1I I( !]~ r-,, i:1-' j C hiI11-. Fihe third ;, s; h :

a ;(ar It ) c :the :noi i~e' ince -c ciets shlotld be ::tdepenldenr litte
traiuor and -he ohserx ed ti)ressUre -dependen1Ct klUetilIin/Z11 prope0 rtie's arc ditflCMent tor
liuhlk .opcd 401hexi doped samlples. In 'idditioit, duantitatixe estimates ol !1he
nun-iaidiaitixe lec;o, rite of the F cxc xC1,xe xaliues oh C -71 Of the totA decax rate
[W4eher ct .d~4 PoL~eii ei al t'0)) and it Is doub)tful that pressure xkOUld cause this,

!0 iiCtea-c to the Xte it 1eCe)Ssr'\ to expllain the Ndi".1 . C ala.
hei raiitive dee~v raites cot :)e esttmmiucd !romn the absorption strene-th b)I, the

6 t
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'Itransitions and thle relative fluorescence intensities. If the transition probai-
hili tiesc',. and W,,i., are known, the eisiS~On rate~ is 'oun1d f rom Em lste ins relations,

tohe

wherenR, aind n5o are the thermal population factors tor the two err stal-field components
t4 the 'F lcN vel. By working with the ratios of transition rates for high and low pressures.
problems with accurately measuring sample dhickness can he avoidedJ in determining
the changes in absorption Cross sections. Correction must he Made ito account for the
chanic in the number of ions ;In tile path of the light beam- This can he accounted for hy
a tactor ot a (O. kbar) a( (0 kbar) where a represents thle lattice constant. Table 2 lists
thle ilieeuated abs)orptionl coefficj~rits for the two. iransitions and~ pres;sures -) interest.

ta I) e 2. ctt.71d I\ raidiai e !r..Thsiwn ra.te , ri [i~netcr- !,r at anw ln."p cric Ir,-, -.

P hr P k. tai

3z (arbltiir unitsi I-

arbit~ur% units) 1:5

:,-n 4ciIlPc:raTik . b-

i ' rum :-, 11cratu[C t I4

trrtirrar uniti )N.1kouarl a-t') i.'

ITI I I , t ,3
I t 1 I t I

.e C el ItiJ the comut d aditive Aec:i\ raite to die ZI le~l. >tnparion .1 th O lt il

fluic~cnceintensities at transitions to ot her components at the 41f term and correccion
for thle km v~xn branchine, ratios at I bar I L-omheimn and De.Shazcr '97, ). not inL that the
transitions to the '14l levels make a nezlivmble Contribution to the dec:iv rate. -,ves the
results

68 Kh ar)o . khar )

Wa. L; t ar) aI k.har t-

and.

tV-, ' 0 kbar i V"'( )Okar) IN bar)I

,A recent paper h~Asaum11 Ci ( 1I1)M)oe the comlpressibility of NdP .110ln,- the ar

and c axes, huti not the b axias. The ir datat indicate that the Compression fa Jctors in ,he

ab1ove equ.1tiotis must bie I)o sMallcr than about I).9 . Fhe raidiati' e dcay rate it

atm. ;,pherie pres sure has 'eetiestimated to be about 3225 s- and thus the Increase uth
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pressure predicted by equation 01~ is far too small to account tor the Ndl'P 0 4 datas shown
in figure 1.

It has been shown that the oscillator streniilis for Nd" transitions in Nd,La1
P0,are independent of Nd3 concentration (Auzel 1976). Thus the chaingc in thle

radiatise deca rate with pressure should also depend little onl :onceit?1ration and the
predict ion of eqou at ion (3) should be applicable to thle Nd, 1Y l' ( ),sa npic. Comparing
equation (3) with the data for the lightly doped sample show n in fiuure I showstrclati~el'.
good agreement.

The above CO nsiderat ions indicate that thle pressure dependence of the tluorescene
decaY rate in NdlP.0 14 is not due to changes in single-ion deca% rates. Two multi-onl
quenchingt processes arc possible. cross-relaxation hetss eon pairs of Nd" ions Sirek ct
11i!L)- and eces, ifliuration to sinks ILempicki i v7 i-lHiherty' and Pow ecll 1,)9. Povcll
C1t '1d I9)a). I- or elctr-ic dipo c-dipole in teraction, hot h of these processecs have anl
H- dependence on the ,eparationl hetween Nd; ions and this will '. ;rv only %eakly
with pressure because o! the small co r.pressibulit of thle material I Asat~ini U al 1 uSO)

The efficicncs o1 cross-relaxation between pa. irs o1 NdQ- ions is dicpendcnt anion thle
decuree of reso)nance between thie 4F - 411 , transitions onl one Ion and thle 'I,, 0

transitions on the other ion. The hranehing ratio for fluorescence to the 1; - manifold
is quite small at atmospheric pressure and the fact that these transitions are still not
ibsers, ed at hligh pressure suggests that the mnatrix elements for these transitions remain
small. Since transitions to the 'I, < levels could not be observed. the chanc in their
nositimons\ ith plressure isunknowvn. HowAever, since the -F, levels mnove to lower enermzv
w ith increased pressure and thle spectral, lines become narrowver, in order to li se
increased resonance for cross- re laxat ion transitions at high pressures Thle 411 2 levels
Wuld has e to move very strongly to lower enierg-ies and reach very %;pecific positions
.a,,ourable for enerv; matching-. Thus the observed spectral properties do not appear to
favour stroniels increased cross-relaxation at tile pressures attained in this study .

The final pos;m bili cv is that tie increased decay rate at high pressures is due to thle
increase(] enerc migration to traps. This process insolses transitiomns betweeni thle 4V
and 'I. states for which thle rmatrix elemrents were shown above to increase wk ith pressure.
Also,.ic the transfer invols es ions whose relev ant enerp, le% cis Jre in resonance. :he
niarrowtig of tile ;Iuorescence lines increases thle :nteraiction strcngth at highi pressures.
A simple diffusion model may he used to check the plausihility of this hypothesis
quantitatively. In this case the rate of energy translor to traps is proportional to toe
diffusion coefhicirnt, D. and for resonant electric dipole-dipole interact on this isui en
by Tr'llifal 1195-)

[)x a -~~:A~

where a is an average lattice ,pacing, 1W,,, is the si a dc-mon lransi a in rate and A is
the homogene:ous Line%%idth wieh is used to approximlate thle , pectral os erlan lrecr_'al
between the two interacting, ions. L-.ming equatinl 2. ind the hotloicenecous it'st;
measured for the R -Z, line, the ratio of the rates of eneru% m ,_r:iuo n and tralpitc ait
high and low pressures is

W 98lo bar) _a4(1) kbar) a-(6( Oarl 24 1

____________ _br a(,08 kbar) (a-(( Obar) ~L)~l

This prediction can he compared with the ratio of the radiationless quencning rates
found from the experimental data shown in figture I and corrected for the Chane1Le inl
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radiative decay rate usi flgequation (3)

il'()c-I khar) _ W""(08~ khar) - tV'1(6S Obar) 3 -aihX kbar)
W"(0( khar) I' "(0 kbar) - t' )kar j u-)k har)

where thle radiative decay rate at atmospheric pressuie has been estiinated to be
325s . As noted earlier, tile Compression lacior is nearl\ Unity. so that the obsers ed
rai fthe radiationiess quenching rates. is about 2.2 - 3 which is in close azrecrment

\% th thle prediction of equation (5)

5. Discussion and conclusions

The physical mechanisms leading to the observed changes in the energy level positions
an1d tran i tit n streneths w it h ncreased pressure in thle ilvodiv'mum pent aphosphate
Nanies .ir-c ;IrObl"I due to chanmcs in thle sN.ymmetry o! !he c~rvstal held and the . rount
a! contit-nratior nmiXIucI- due !o OIe-treiithl 4l !IC odd crsstai-iieldl eiojntonents. F-urther
>tudies arc ne~cessary to clan iv the details of thesc chankces. Diltfrent trmisition encrues
haveC IeenI aISSOCi[C~d with se\ era) t\ pes iii Site SynunetIries in Ndz , ' 110: cr Ntais

t Krulilei cfit)- 11 thut no consistent trend to%%ard one I\ pe' osynilinletrv Canl 'e s.tInI

our niih-pressure results. Some work ion cr\stal-iield ThitesAith li ;:NeLre ;1:.-, been
re:ported 1, {iuherei( t 1t7-on europium pen tapn',spinate.

For !he iiehtl% dune)d mixed pentaphtosphate sample tile "ice:reased li -wne h
pressut e i, conisiszent %kith the nereased radiative dcea\ raite %%fihereas :r hrnie
%,rtatlan tibser\ ed in the heavily doped SaMlple can 0111% ne: iin % .nre'e

concentraition quenching. The \ariations at the quenching rate ,Pd transitionl inewiitp"S
~ it h' drstaic pessre re ore consistenit \k oha mnodel oi cneir, rn igration quench-

incz than title of cross- relaxa-,tio n. However, they do not help to distingu'Lish between
randomnly distributed quecLICnCII~ sites and surface quenchiing.
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1:ifiP, Lxib'jnz!.,7-rs B 1 ta rrlif '.!.,n r .. : , i !I.)-!

.::s..ft ~ro~~ n .sni~ tc-.. :oqu.!s t<. . . '. !-- t-:1 . .:c o

.....xcieC;-: te , opultiin rtig in Hi, L:_ 4;:
.mGC~fiq. Fhe reVSuLtS !yhu\Y that at room :;rAi : . t ... *.:- .40;,

)' er (i.ane f !aL or-icr of 036 jin :n :he hig. n r. .:. .

-teneste our-ave ixing: i F'NI) spectros- !21!r tr~n to:::n rto .en:h0

c - nv ias *oc)en shown recently to be a po;werful ilYniU:. 'm pr..sh.e aa en ',he E .ieted*
.rh2for stud-, . g spatial migration without ifian .necs adsm ntoes

aoecrr-ai tr-ansfer of electronic excitation energyv es t:; in Z:S Of 7n Igrat') :~::hsanLin frm
in s( ids. *'Ti coLu a ee sdt e e n rorns to a-x microns.' Theose F.VM

--hte ie !if'usior coefficient )f m-olecular ex- resuts prtvde an a:nswer to one of tef~u~.n
*anst rg,.1;11C SolidS,' hUt attem.pts to make tal n-uestionsonr'udn hscet.;s.

s innar ::ncasuremfei1ts )n Frenkcl excitons in in- The samples use 1fo)r tin,,s :n'.est:L, tinar
.. nntc maerials have resulted tnly in placin.g an cleaved from high--qua~ity singl,,e rvaston

-apper bndon the diffujsion co)efficient because by the tech.-Aque described recently. 5 Suv..ral
themt~ratonis too short to )t)serve in the sam- different experirnental ,rrang;em-ents have been

piles lihc ave been studied.' We report here 'ised to establish and p-robe populaingrtng
-ie results of .--k-M measuremnents on single crys- ectdsas.A schematic diagram ; h eu

is of NLaPOatro teprtr.Te used for this work is honin F;,g. 1. T he S5-

,,roszence of tnergy nmration :s easily o)bserved line of an argon laser wkas used since it falls -n
and it is f-ind to be diffusive .4ith a migration one edge of a NJ" absorptton line. The a.hsrrp-

Ii: )c f *.h-e )rder )f 0. 3 n~.i. TIhese results tic-ri of this :;-"t by t he Nd'* ors in th0 ~ato
ie f itnif mti rportance since they,, repres ant cre.-tes a sptil ist rt tt of ox.Ted A CO Izios

art unamlbiiuous determination of the range of e-n- with a sinusoidal pattern ,f wavelengthO
eg. ration in this class of st-ichionietric where !, is the u rrsoing angl!e of the wr 5cbams

nalterials used as tuiinilasers" for low-thresh- and A is the -cv -nth of the liL;h1t inth: pe
old, ihgi appl icai ions."' Thre mechanism This pouairating" can "au :e t!- e "robe

." _fmft rat iun quenc hint; of the fluores - boan at lie sk'atte red w.ith the :a. ax n -".; M r -
ni'5  atertar. S :.nt uin erstood), but it ingq efficiency curn h'- h o

,s-nw.to !_v.- quite diffearent properties from is catisfied.
otner ne'~imlaser materials.' This is not Figuire 2 s1hows the results froy nto. 's:n 'r te
miv anr ;itt!reiting fundlamental physics question, decay rate K of the scattere d pr-obe ea.r. ,s a

it is m1).ip)rttant in :naterial development function of the square of the c ross i:, a:! )f the
r ,-n','ations3. 7Pie k-ni ribution of ener- write bea is fo)r stogi!e crvstinmls of ';illt Oi,,,d

>1981 The .*\ir'i, PhimC:jI ott
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FIG. 1. .xpcri Mental Setup fur transient tour-w-ave 7
tnLiiig measurenents. 1 and 2, the write beams; 3,
the it.cdent probe beam; and 4. the scattered probe 6 1
beam. _r6__

0 3e2( 2) 9

Nd, La. PO,4 at room temperature. The decay FIG. 2. \leasured Cecay rates of the scattered probe
beam for NdP,O1, an(, Nd.La.PO cytsatro

curves were found to be exponential and the data 0 Lu. iP,0 0 cr*asals at r,6m
temFnerature for ar;uus alues of the crossing :itgle of

points shown in the figure represent the average the - rite beams. The filled ;.Lxnts are t ice tme :neas-

obtained from repeating the measurements nu- ured fluorescence Jecac rates .,nd the stri:ght lines
mnerous times at the same crossing angle. The represent the prediction- of Eq. t4i.
error bars represent the spread in the data ac-
quired at each point. The increase in background
"noise" due to extraneous light scattering and The scattering efficiency is proportional to the
the decrease in probe beam transmission caused depth of the grating.'7 ' 8 This leads to the ex-
the data obtained on the hea-ily concentrated pression for the diffracted probe-beam intensity

sample to be less accurate than that obtained on
the 20O4 Nd sample. W ,'.a)=11e-l

For both of the samples investigated, the probe where
beam decay rate increases approximately linearly K= 2[(2rA)2 D+ <]-(8ir

2D/A 2)o 27.
with increasing values of e2. This can be related
directly to the mechanisms responsible for the Here I, is the probe beam itensity in the absence
destruction of the population grating. This grating of scattering and 1, is the write beam intensity.
can be destroyed both by the decrease in the ex- Both X and 0 have been corrected for the tndex of

cited-state population by normal fluorescence refraction of the sample.
decay and by the migration of excited states (ex- The theory outlined above predicts that in the
citons) from the peak to the valley regions of the presence of diffusive exciton migration the meas-
grating If the exciton motion is diffusive the ured scattered probe-beam intensity will decay

time evolution of the spatial distribution of the exponentially with a decay rate which increases

excited-state population Yx, 1) is given by the linearly with C,2. These predictions are consis-
one-dimensional diffusion equation' tent with the experimental results obtained on the

3n(x, 1)/at = Da2n(x, t)/aX2 - T 'n(x, t), (1) NdLa,-.PO 4 crystals. The solid lines in Fig. 2
represent the fit of the theoretical expression in

where D is the diffusion coefficient and -is the Eq. (4) to the exlarimental data. The intercepts
fluorescence decay time. For the initial condition of these lines should be 2,'7 and their slopes can

of a sinusoidal spatial distribution of nWAx, 0) in the be used to determine values of D. Table I lists
x direction, the solution of Eq. (1) is the measured fluorescence lifetimes for these

satoples and they are used to plot the solid points
' x* I)= eT{l + expI- (2 'A)Dt~cos(2rx"N}" shown in Fig. 2 at 0' = 0. The theoretical lines

(2) extrapolate nicely to these p.)o ts. Table I also

102
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TABLE 1. Exciton difluswun parameters for Nd. - trapolate to twice the fluorescence decay rates
Lai., PO O, crystals. and the value of D varies significantly with Nd

concentration. Neither of these characteristics
Sample ir) T wsec) D (cm/sec) 1, (, M) is true for thermal gratings.

One importat aspect of characterizing energy0.2 300 6.85A" 10 "1 0.20

1.0 125.3 5.09x -10 0.36 migration is identifying the microscopic nature
of the interaction causing the motion. A rough
approximation for the diffusion coefficient of an
exciton undergoing an incoherent random walk re-

lists the calculated diffusion coefficients for these sulting from electric dipole-dipole interaction is"'
samples. The average displacement of an exciton D (5)
along the grating directions in its lifetime is giv-
en by 1,=(2Dr) 1/ 2. The values for this one-dimen- where .', is the sensitizer concentration, -- is
sional exciton diffusion length for the two penLa- the intrinsic fluurescence lifetime, ar.d' (, is the
phosphate samples are listed in Table I. critical interaction distance." For :,dP,01.i, .'*',

The results reported here were all obtained =4 x 10' cm-' and, if concentration quenching is
with the laser beams incident on the b plane attributed to energy migration, 7 =350 s. Use
(cleavage plane) of the crystal and with the sam- of these values and the measured value of D in
ple oriented to measure diffusion in approximate- Eq. (5) g-ives R. =45 A. Although this is extremely
lv the a direction. Although some changes in the high, compared with typical values for R0 in light-
results were observed when the sample was ro- ly doped solids, it is consistent with the theoreci-
tated to different orientations, this experiment cally predicted value Ro in a stoichiometric crys-
is so sensitive to precise alignment that it is not tal such as NdPO 4 if resonant interactitn be-
clear at this point whether the observed changes t',een ions in identical sites with small hor:oge-
are due to anisotropy in the exciton diffusion or neous linewidths is assumed. 2 Also, Eq. (5) pre-
simply a slight misaligning of the experiment. dicts that the diffusion ccefficient sl.ild vary as
The question of orientation dependence of D will the I power of the concentration, which is con-
be thoroughly investigated in the future. At high sistent with the results given in Table I. In add,-
"probe-beam" intensities a double exponential tion, it should be noted that tl'e electr:c tijc e-
decay was observed with a faster initial decay dipole interaction has a lor.g enouh ra'o4;e -o uve'r-
rate. At angles larger than those reported in come anv' structural anistropy.
Fig. 2 this fast-decay component dominated the These FWM results shf'xx -hat at rom :ner
detected signal even at smaller probe-beam in- ture in NdP, O4, excitons 'ffuse ovr an v.erace
tensities and thus limited the range of grating distance of 0.36 -m in a !;secific direction. The
spacings available for study. The decay rate of relatively long range of the exciton diffusion
the fast signal is independent of the crossing an- measured here disagrees strongly wit; sev. r ef
gle of the "write beams" and does not extrapo- the previously published results.6' !cr'c\'er
late to 2/- and thus is not directly associated it should be noted that the authors of Ref. 15 nave
with the "population grating." There are several obtained more recent results in agreement with
other sources of refractive index gratings in those reported here.5 It is not clear why the re-
crystals due to different types of nonlinear opti- suits of Weber and co-workers " '

' are in contra-
cal .nteractions and it is not surprising that other diction to the present results, but one source of
interference effects are present in a birefringent, difference may be the greatly improved -fal t', 'f
ferroelastic crystal such as Nd. La,.,PO,. In the large-size crystals now available for -t,:.7

this paper we focus our attention on the proper- Although the results reported here do not give
ties of the population grating and plan to study direct information concer:aing the mechan-ism of
the characteristics of other types of gratings in concentration quenching, they do show the pres-
future investigations. It should be pointed out ence of long-range energy" migration and tht:s it
that thermal gratings can also be studied by this is quite-possible for exciton diffusion and trappinr
technique and that the thermal diffusion coeffi- to play an important role in the quenching pro-
cients are of the same order of magnitude as cess. The complete theoretical character-i.ation
those reported here. We can be sure that the dif- of energy transfer in Nd, La,.,P 5 0 , must await
fusion coefficients reported are not due to ther- further exp erimnental results and t!.is invst,-a-
real diffusion since the observed decay rates ex- tion is presently being exterded to several tIer
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5f-Electron Localization in Uranium Compounds

Wolf-Dieter Schneider and Cemens Laubschat
',,stitut ni'r Atom - and Feslko rperphysik. Freie Univcrsidtc' Berlin. D-1000 1c3rlin .3. ,, run-"

(Received 17 December 1980)

Observed 7-eV sate~lites In the x-ray-photoemission spectra of LGa, and 'ther B-

group compounds are shown to be due to two-bole final suites as confir~m- by exis.ing
Auger data. The presence of tese satellites is an indication for a weak fd y.vbridization
.und, when compared to uranium-transition-metal comtx)unds, increased .5, lucalization.

PAC, numbers: 71.70.Ms, 79.60.Cu

The nature of the 5 electrons in the actinides elements have shown a characteristic satelite
has attracted much attention both from the exper- structure at 7 eV higher binding enery , the U

imental and the theoretical point of view. For Y- 4f core-level spectra (see Table . The only
U metal it has been shown recently that the 5f serious attempt to explain these st:ucture !-has

electrons have primarily itinerant character.' been made for UO, where this satellite has been

The degree of 5f localization depends on the over- attributed to a shakeup process from the oxide-

lap of the corresponding 5" wave functions on derived p band to unoccupied 5f stateb.''
neithboring atcms and on the 5f-6d hybridization. In this Letter 'e show that in the XPS srtra

Since in uranium compounds the interatomic U-U of the intermetallic compount UGa-, a similar

distance and the bonding properties are changed structure exists for the U 4'f as well as for the

4.s compacred to a -U, a change in the degree of U 5f levels (we note that even the valence bands

the localization can be expected. of UO, show such a structure, which has been

X-ray phr, toemission spectroscopic (XPS) in- interpreted as belonging to the 0 2p band), In
.,.;tt:.ts .ui uranium compounds with B-group U(a, this structure cannot be explained by a

© 1981 The .\mercan Ph s)cml Society i023
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IV. ENERGY TRANSFER IN SEVERAL NEODYMIUM DOPED LASER MATERIALS

The following three sections describe the results of studies of energy

transfer in three different types of Ndo * doped laser materials. Section

IV.1 describes the work done on YVO 4 crystals including both host sensitized

energy transfer and site-selection spectroscopy studies. The manuscript in

Section IV.2 describes energy migration amoung Nd3_ ions in neodymium aluminum

borate crystals using time-resolved site-selection spectroscopy techniques.

The manuscript in Section IV.3 discusses the results obtained on energy migra-

tion among neodymium ions in four different types of glass hosts. Of special

interest are the results obtained as a function of temperature in this latter

study.
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IV. 1

Energy transfer processes in YVO 4:Nd +

Dhiraj Sardar and Richard C. Powell
Phvsws Department. Oklahoma State University. Stiliwater. Oklahoma 74074

(Received II January 1980; accepted for publication 31 January 1980)

l..aser-excited, time-resolved spectroscopy techniques were used to investigate the characteristics
of energy transfer in YVO,:Nd '* crystals. The temperatuare and time dependencies of the
energy transfer rates were determined for both host-sensitized and impurity ion interaction
processes. The former process is found to have characteristics consistent with the migration and
trapping of localized host excitons whereas the latter process is consistent with multistep energy
migration via a two-phonon-assisted electric dipole-dipole interaction mechanism.

PACS numbers: 78.20. - e, 78.40. - q, 78.50.Ec

I. INTRODUCTION The experimental technique of laser time-resolved spec-
Yttrium orthovanadate (YVO,) is an important maten- troscopy was employed for investigating the properties of

al for applications in various types of optical systems. It is energy transfer. A block diagram of the experimental appa-
useful as an infrared polarizer, and a host for rare-earth ratus is shown in Fig. 1. The samples were mounted in a
phosphors and lasers. - In fact, YVO4:Nd' - laser crystals cryogenic refrigerator for controlling the temperature. For
have been found to have some performance characteristics studying host-sensitiLed energy transfer a pulsed nitrogen
superior to those of standard YAIG:Nd' + lasers.' Because laser was used to excite the sample whereas for direct excita-
of the significant potential of this material it is important to tion of the Nd' * impurity ions a tunable dye laser contain-
characterize and understand the fundamental physical pro- ing rhodamine 6G and pumped by the nitrogen laser %,as
,esses underlying its optical properties. We describe here the used. In both cases the excitation pulses were less than 10
results of an investigation of processes of energy transfer in nsec in duration. The half width of the dye laser pulse was
YV),:Nd' " crystals. less than 0.4 A. The sample fluorescence was analyzed by a

The general spectroscopic properties of undoped I -m spectrometer, detected by a cooled RCA C31034 photo-
YVO, and YVO, doped with Eu 3 *, Er''*, and Nd' ions multipler tube, averaged by a boxcar integrator triggered by
has e been investigated. " Host-sensitized energy transfer the laser, and displayed on a strip-chart recorder.
has been studied in samples doped with Eu' ' and Er3  11 HOST-SENSITIZED ENERGY TRANSFER
wns.' This process is especially important in applications as
a rare-earth phosphor material but also can be useful in en- The absorption edge of YVO, crystals occurs at about
hancing the pumping of a laser material. The process ofener- 3400 A and the fluorescence emission appears as a broad
gy transfer between impurity ions in YVO, has been investi- band peaked near 4500 . Although some thermal quench-
gated for Eu' This process can be important in
concentration quenching in luminescent materials and in the
operational characteristics of lasers. We have characterized SA.'IPLE-"
both host-sensitzed energy transfer and ion-ion interaction 2 I D
:n YVO,:Nd' - and the results are compared to those ob- LA3 E R LA SER "-
tamed previously on yttrium vanadate samples containing I .YOS ,AT-
other tnvalent rare-earth ions.

In addition to the practical importance of the informa- I 7RIGGE LENSES
tion obtained in this work. the results enhance our general , RL
understanding of the fundamental proceses of energy trans-
ter in optical materials. The model used to interpret the data _
obtained on host-sensitized energy transfer is one involving I ____ __

exciton migration and trapping which has recently been ap-
pited' to inorganic "molecular" crystals such as YVO4 . The NTE,3 ATQR
model employed to explain energy transfer between Nd' - L

Ions n this host is based on one of the new two-photon- JNE
isisted interaction processes developed recently to interpret
!uzh-resolution laser spectroscopy data.'; In both of these E

areasoey a few experimental investigations have been car- ONCCH CMAT0

ried o~u and further work is necessary to develop a complete
onderstanding of these energy transfer processes. ORDE

1 henile crystal samples of't XO4 Nd " were investi-
gated. One had a doping concentration of 2% (2.55x I0:"
,rn ) and the other 3% (3.2 10-"' cm - )G tm-res,(ked '.peclroc 'py pparatus

2829 J AppI Phys 5 1(5). 'v ".2 O2-9713 J/(52829-07501 10 c 1980 American insituteof Physics 2829
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Fi(; 2 terperature enpcndenes of fluorescence liftlme of

ot0cr xcitationl with ai puked N:FG 3 Temperature dependerie of the hoEst-scnsjtzed energ'. :rjrsfer.r,:e

for YVO.Nd (3%). (See text for esplanatton of the ihererrcath ine

inL .ccur, in this material, it still fluoresces quite efficiently
at room temperature. The yttrium vanadate host cr'stals and impurity ions, respectively, whnc B, and Br are their

were cx,ited with pulses from the nitrogen laser at 3371 A fluorescence decay rates. 'Vis the rate cf creation of host

and energv transfer to Nd impurity ions was studied by excited states and w is the energy transer rate. The rate
monitoring the fluorescence spectrum at differet times equations describing the ime evoution of the excited state

ater the excitation pulse and by measuring the fluorescence qulations are

decay imes as a function of temperature. The fluorescence

deca. times for the host and Nd emissions are shown as a dn,/dt = W - B11 n - wjn 0 , (2)

function of temperature in Fig. 2 for the 3% sample. The dn,./dt = wn - B rn ,. (3)

decay time of 'F, . metastable state of Nd " shows very These can be solved by assuming a delta function excitation

little temperature dependence. The values of the measured pulse. The ratios of the excited state populations obtained in
decay tinies are le,,s than the radiative decay time' of 152 ,Is this way are proportional to the observed fluorescence tnten-
which indicates that some radiationless quenching is taking sity ratios with the proportionality constant involving the

place. This is not surprizing at these relatively high levels of ratio of the radiative decay rates. Solutions to these equa-

Nd' ' concentrations. The host fluorescence lifetime of the tions were obtained for two cases: a time-independent energy
doped ,ample exhibits the same temperature dependence as transfer rate, and an energy transfer rate which varied as

the undoped sample but the magnitudes of the lifetimes are
•mailer at each temperature due to energy transfer." The rate
of energy transfer w can be derived from this lifetime o -

quenching as 210 200 t50 "3

04

and this is shown plotted as a functionof I/T in Fig. 3. As I
seen from Fig. 3, the transfer rate is approximately constant z t - I K 1

at low temperatures and increases exponentially above about m " s
75 K. The activation energy for this increase in rate is about a:

250 cm . -4 - -

The fluorescence spectra at two different times after the

laser F-;se are shown in Fig. 4. The sharp line Nd3 ' emis- z2-
sioni ,:creases with respect to the broad band host fluores- zj Ws

cencc as a function of time after the laser pulse. Figure 5 !-= '

show-, plots ofthe ratios ofthe integrated fluorescence inten- -,-
sities of the Nd' ' and host fluorescence emissions at two .0 nm)

temperatures. These time-resolved spectroscopy (TRS) d-t
can he interpreted using the model shown in Fig. 6. n n and FIG 4 Spectrum of YVO, Nd (3%) at two times jfter tire laser exctta-

'n , represent the concentration of excited states of the host Tort pulse.
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--- 7- -- index of refraction, is the average wase number in the
t" 4:d3 3,. region of spectral overlap, arid the numerical factor i,, for

,j cc 2 T I I K -0- unit consistency anid includes a factor offothasrg

w -~ cons*. T Ka - angular dependence of randomIN oriented dipoles. ihe over-
4 ~ lap integral is found from spectral data to be

V ~ f2 7.3 x 1(0 -' /mol cm. Using this value alotg, wsith

- I ~ 2.0x t) cm 01.54, anri = 1.53 prcdic:tsa
value of 5.5 A for R,,.

A,. high temtperatures (about 1(X K and above) it was,
found that E+. (4) rio longer gase a good fit to the imeri-
resolved spectroscopy data. Instead the best fit to the data

3 rate. In this case the solutions to Eqs. (2) and (3, lead to

The dashed line fin Fig. 5 represents the best fit to the data

obtained by treating tw' anid K ' as adjustable paramet.-rs.
A constant energy transfer rate is itdicatC, e ufa mulits-

- ______________________________________. tep enecrgy migration process.-This c:an be treated throu~.t

2 3either the mathematics of diffusion or randomn walk As ihe
:E E~ R d L resolltitr, eneroyZ transfer raites ex~pressed as

It, N i..- I1 lc itcvratA u . .ictc inrcitiesol r I e Nd ond 4-, = DR , C.p
Ji'' n .-, iiit 1 ime _trcr - :a.xerpkIic tor

A i sv. it' !ae or m';i:m..iitn .,t !he ihuircm:jIl ine, or

V"'C / C !.1 ,4 .(

Tlien the magnttude of lie energy transfer rpetiel andeDi tedtotit ofiint ?i h
t~leprirsori~'alit costat K eretreaed s adustble trapping radius at tlte ac::'. ator ite, tI'_ is the oc'er
I I: popor Ioali :ostat K eretreaed s adustble Molcule, 1,, is, the excitation energy hoprpinga 'init. C .4 s

paramerics ind the theoretical so]lutions were fitted to the t-Qcpci fte-no ~i hc elcst icn
FRSdat. lia'e ofth e trapirr r-doi

It ts as f Urid that at low temnpetatures the theoretical f th arid cpiill e rieent li i .L:'a%

;mredlx tils for a conrstant eniergy !ransfer rate could trot give toaleniiirrr as'

a odit in, the data whereas the solid line giviiig the good tit ac .tivtr. Si'c tOrl 1c p):rmry:k einrer; ital pet )arlie

!o thre data shots~ nit Fig. ! was obtained using the timei-titt paaes.cr:;'
*.tpenetr c:~ trirterrae. n tiscas te teoetial obtatired. I, it is %ery difficid o'pac

--. ldcn trnse rae ntieae h hoeia haracter:sttcs if the migratioir process atnd the trappin-g
s~p~so ~ . b.processes. Thle best \A ty to do this is to comipare tie re-sults
I - I.obtained from similar e.perimenrs otit the same type of !iost

2 in ',~ Cry stal with different types of aeti\ ator traps keepinrg int
Kesit (tB - )1 - fl - B)!I mind that tire migiration properties of energy transfe rsol

(4) he the same for all samples %kith any differences in the data

lichre

a R.L7, C' (5) -

T h is expressioti describes the rate iof energy transfer by a
sill le-stv-p electric dipole-dipole interaction where Cr is the
cotncentration of Nd' - ions and R, is the critical interaction n
distance. Using the measured v'alue of the host fluorescence
dcxv tinre in the utidoped sample and the value of to
*'btained from fittinig the expertmental TRS data at I I K

gises a %alue of 14.6 A for R_~ A theoretical prediction for R, -

,:an he obtained frontr tire expression

R [5Ss6 Id 10 2i/n) 4 i (6)I

where 6 is the cquantumn efficiency of the sensitizer, f2 is the

oserlap ritegral if the absorption spectrum of the neodN -

nitum t.ons antd !he emission spectrum of the host, nt is the tIG t .ii ut F) .i or eimiC'i-iiiidl -ncre. r~w'!C

78
.831 AOfl4 p' . Vol. 5! D' S ainar and R C. Powell 2B31i



TABLE I Cum panonof the resultsobtianed on YVO.samples containing.,
Eu' Er' 'and.Nd' tons as activators. _

N' )4,.Nd YV'O.ul YVO,.Er'
Parameters (3 S 10 'cmn ') 1.27 x 10"cm 1) (1.2,, x 10'-cm )~.

R_ (A) 14 4 2 D
1 -III' 250 156 1 P( _84

,a sec.* 41 1OJ 1.ux to 2.1 -, 0'
LC.4 ., 2 i 01O 1,75 , l0' 3.68 x 10'

D)R,p 8 t) 0 itb.27X 10" 1.32x 10 ~ -' ~ __

P,1OiO' 7.9bx 10 .yF

I"= 297 K.

beinp attributable to different trapping characteristics of the '

%arious activators. Table I compares the results obtained on -±-T

YV0, samples containing Eu1  Er' and Nd9 ' ions as 7

.ictivators"' FIG 7Spwctrui ci i '. i i N d (11"e fis t~o wvcicngths uf

In order to compare the fundamental energy transfer laser excitaiof

properties in these three samples it is first neLessary to adjust
f'or the different thermal properties of the energy transfer different for the three activators. However pursuing this done
rates. The same qualitative dependence as shown in Fig. 3 of reasoning leads to the conclusion that the trapping radius
was observed in the other two samples but the measured for Er' is of the order of 1610 A which is unphysica!lv,
acti% atton energies are quite different as shown in Table 1. large. It also predicts such a lwhopping time that onl\ me
This can be attnbuted to thermal effects being present in step could take place_ in a random w~alk which is not consis-
>oth ihe mnigration on trapping processes. Previous work on tent wvith the observed time-independent crnergy transfer

undoped YVO, crystals indicates that host energy migration rate. Thus we conclude that the first approach to interpret-
occurs w~ ith the activationt energy of about 625 ct -n di- ing the data is the correct one.
catiog th-t the differences between this number and the val- From the anialsis of the data described above t diffu-
lies LOfiE' appearing in Table I are due to the need for ab- sion length at roomn temperature is determined f'rom
sorhitip )r _,mittinig phonons in the trapping process at the
.ictinator ,tites w~hich can be accounted for as1 1D

;9,cxpi -..-JL,'k7-). to be S. S , cm. The diffusioni coefficient carn) ocx-
Aiic:r 'Adjusting the data to account for the different pressed as D =- D, ep( - K_ T hcre JE :s the ac:ti-

heirni ciharactcristicsu t~he trapping process there are two vatton energy 'Or hopping The value of D, ;s. found to be
po.sie A a,,s to taterpret the results. The first is to assume 5. - 10 :i- scc

[flat thle !rapping regions for the three types ofiactivators are
All the arne size and the difference in the trapping character- 111. SITE-SELECTION SPECTROSCOPY
;stics is diue to the factor P.. Assuming a point trapping re- T he Nd'in can he directls excited ';ith a dye laser
' Wn "C AI 0.1059 or assuming a trapping radius equal to using rhodamine toG cd e. When thi s :s done Structure car-, he
:!:e neLarest neighbor Y- V distance of R, 3. 15 x 10 ortserved in each oftLte ,pcct.al tratisitions due t the exaita-
cmn. the \alues obtained for p, are listed in Table 1. In this lion of ions in different types o~fcr,.stal ticid si~es. This tIrue-
-ase the randomn walk model predicts, a hopping time of t,

sec and rthe diffusion model predicts that

2 o l0~ cni- sec .Iii the limit of many steps in the ?~*.
ridorn walk the two models should predict the same re-
Nults This can be checked with the relationship -

w here (r ;s the as erage stepping distance for the excitation
oe(rce,. !ft his is taken to he the shortest I- VseparatLion oif

5..and t h- %atlue of D obtained above is used, the hop.

pin t::rne :s predicted to be 1.5 x 10 " sec which :s cons-
ent with the value obtained from the random walk model.

The numbenr iif steps in the randoni %,,,ilk is given by .-.. '..

nkiich :,r [he Nd-doped sample investigated here: s, 755.
I h - -c o uid p s issi blIe i n te rp re t at ioii o f 11e dt a is, it h; I I I1 GJ x Spe r u it II I N ''m Vr 'I,

o.>ru al cases but the -site of the trappi ng regions ire C cl (iFi '11I'e
79
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thscase the sol utions to Eqs. 12) and (13) gi ve

.ME mentieswhere the radiative decay rates are assumed to he (mc same

ME OSsentthe best fit to the experimental data obtained using Eq.
(14) and treating oi. and K " as adjustable parameters. The

1-6 RAtto , t iii ntezraied floecneitniis sitizer and temperature dependence of the energy transfer rate can be
ACti~aior Nd :ons:Ls _: .:ctori of timne atrhelsrpsefor obtained using Eq. (14) and measured fluorescence initensity.
Y\O. NJ 3%) fSec text for explanation of the theoretical iints.)

ratios at short and long times after the excitation pulse. The
results are shown in Fig. 11. The rate appears to be approxi-
mately constant at low temperatures and then increases sig-

cure changes with laser wavelength due to the selective exci- nificantly above about 25 K. The activation energy for this
tation of ions in different sites as shown in Fig. 7. Energy increase is found to be about 15 cm :. T-his is essentially the
transter takes place between Nd ions and this can agaln be same as the cr st al field splitting of :he 4FI level in this
ch aracterized through time-resolved spectroscopy tech- systemn.
niques. Figure 8 show s a typical emission spectrum near 890 The temperature dependence described abose is indicz-
im at two) times after the excitation pulse. For both transi- tive ofa two- phon on -assisted energ transfer proccss inxolv-
,;ons shown, the high energy structure decreases and the low ing a real interme-diate lex el. I it tLhis case the enerevN ,rans-
energy structure increases as a function of time after the laser
pulse. Designing t he high-energy structure as transitions due I__

to ions in selectively excited "sensitizer" sites and the low
energy structure as transitions due to ions in "activator" 7~ \o- o

sites. energy transfer from seositizers to activators can be
characterized by plotting the ratio of the integrated fluores-
cence intensities as a function of time after the laser pulse.
The results ot'doing this at low and high temperatures are
shown- :ni Fig. 9.

The sohid lines in Fitt resent the best theoretical
its to tlte data based on the ... del shown in Fig. 10. This :I0
is similar to the model used in -Sec. 11 to analyize the host- L>4
sensitized energy transfer results except that direct excita-
lion of the aetisators is allowed and no significant difference
could be detected in the fluorescence lifetimes of the ions in 3A
-he sensitizer aiid activator sites. The tate equations for the
xctted ,tate populations in this model are given by

aln ,dt =W, - 8in, - ,),. ?i (12 )

drt ydt = W,-- wd,,n; -- 1B30,. (13) ____

Fitese can he solved assuming delta-function excitation and 72 C ,- C
specific time dependence for the energy transfer rate. It was tIG(3. I Tern prat ore iependicricc ,I ithe riteofcier g Iri'e 'c

fOund that the best fits to the data at all temperatures were NJ ion in ) W), Nd ('; S! lo lor-'s-Ijar~
tai:iedl with time-independent energy transfer rates. For line

so
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TABLE 11 Nd Nd' entirgy trsnsfer pai'mwters. IV. DISCUSSION AND CONCLUSIONS

Y VO,: Nd'* T1Ie results of the investigation of host -sensitized cner-
t'aramnrkrs (3i,8. 10"' cm gy transfer in YVO,. Nd ' are consistent with the model

3 propos d previously from studies of ytinum vanadate with
3 t- other types of trivalent rare-earth impurities."' In this mod-

C ll el the host excited state considered to be a charge transfer
JE_ 'm b transition localized on a V01 _ molecular ion. This .;an be
.5 (cm 15 treated as a Frenkle exciron which is self-trapped at low tern-

rcrn 4:510.; perarure arid undergoes thermally activated hopping among
R' crtl4.15the other vanadate molecular ions at high temperatures. Pre-

J R ", :term 9 4610 t vious work indicates that the mechanism responsible for the
D)c . 1.3 - iu exciton hopping is exchange interaction and the large Stokes

tr 3 It)shift due to lattice relaxation in the excited ,,lte is thc cause
of ihe self-trapping at low temperatures- Taible I compares

* K 7q' K some of the relesatit model parameters obtained 'rum ,t,-d-

er rate is g1% en by ies of YVO4 samples doped with Eu' - , Er-'' , and N&~ -
7 0: exp(_ E_ AT)The trapping probability per visit to an activator site and the

a C, CR '(F, fi)[ I - x4..AI]~thermal activation energy for trapping are found io be sig-

1JT nificantly different for the samples with the three different

\JEZ 41-) impurity ions. The reason for the different trapping prob-
2J abilities is not k nown but it should be noted that they :n-

) exp( - M/T), (15) crease with increasing number of 4jelectrons aric decrea.s-
-~ ~ing tonie radius. Additional activators in this host should be

A herel jjiadl,. ire the Lon-ion interaction strengths involv- investigated to determine the relesamice of this Correlatiun.
iiit ifhe initial id iiitenilediate states, respectisely, 1-:is the -t low temperatures where the excirons are seclt-
'A !Ji of the intermnediate state. and L5 is the energy ol" the trapped the results indicate that energy transfer to NJ'
phonon needed to change the ion trom the initial to the inter- tons takes place by a si l-tpelectric dioedioenter-
mTediate stare. [In this case the intermediate state is the upper action process. This is consistent with the results founo "rom
. r% TJiicid ccitporent of the 'F~les el, so o is 15 cm .itisestigaring Eu' and Er' - doped samplces In rthe -r-

ihwid!ti of this level is measured from the transition be- vious cases the %ajues ofR,, which characterize ;i:'ocess
_,cci tidL thte _,rouiid state to be 4.Q cm Y E is nea- were fotund to be of the o)rder of a flex .roes troms and ?n
,ied he alout 4 cm) .. E_ is taken to be about one- agreement wtth tlt: predicttons;,f spec tral L',croD mceo'wre-
Aitrd of the mhitLtonuceLe.ous linewidth of the sensitizer tran- ments. Fur the data described here !tor Nd-du1ped sare.R

,11ion %k h;teh is measured to be 1.6 cm .This is consistent was iund to he signiicantly larger than fcir oth- r tiatt
crta *'la redic'ed h a

sk oht re-'- 005 results on garnet samples. 'The squared ma- and _-xen largethnha spcta ' .s~n
,rixs elemients can he expressed in termts ofjudd-Ofelt param- oJderatiins. The reason for thts is nut pres.etitls iitdcrstuod.

tie rS L, N orelious sieslcinspectroscops net" ~ to has
been carried olut on EuL- ions in YVQ, crystals.' In that

(~f K] L'J)case it was found that the results were consistent ss oth energi
(2J 1)(2J, -1) (,transfer by asinigle-step resonanitelectric dipolie-dipe in~ter-

~' U' . lb action process but the data analysis wvas complicated by hay -J I in,- three distinct vypes of sites. The results obtained here are

V'io uimm.itist;is over reduced matrix elements have beent consistent with a multistep diffusion t ple ! nee ransfer
'~ lute ti ~l~ to 'I,,, tranasitols of ""d I-in y\.Q, with the mrechattistins for diffutrons anA4 t-opirig both in-

,:aud te 'F, solving two-phonon-assisted processes. %Ume eason for the
cm4. significant difference in energy transfer characteristics for

415 10 "'R "c' 1) different impurity ions may be due to the much higher con-

10 17) cenitration of Nd' ions in the YV O4:'Nd3  sam les T hle
J 0 .-. 10 R cm ,model used to explain, these results is similar to that used for

xh crt the population differences between the "a" arid -b " nrerpretingv the results (if similar investigation of Nd-doped
.iiilpl'iients of the 'Pl , level have been takeni into account. earner crystals.i " The main difference in the models used

'At hese :mjrsideratmu.ns. Eq. i 15) predicts values, for the for these two systemns is that in the garnet hosts the inrerme-
.imrvtranster rate at different temperatures shown as a diale state for the phonion-assrsted etnergy transfer is the first

I'11 line in Fig. 11. This is in good agreement with the val- level of the ground state mantfold wxhereas for the yttrium
,j, thained ex perimen tally at high temperartures but pre- vanadate host it is tie tipper component of the metastable

,Jtut smialler %de aloesr the energy transfer rates than those state. The reason for this may he that the splitting of 'F .
"s~ d it tow temperatures. The theoretical parameters level is much smaller in YVO, crystals than it is in garners;.

or .h model are summarized in Tahle 11. It should he emphasized that the ag~reement between



theory and experiment at high temperatures, shown in Fig. distance ofR, = 23 4 which is similar to the results obtained
11, is quite good considering that there are no adjustable for Nd' ' ions in garnet hosts.
parameters in the theory. The poorer agreement at low tern- In conclusions, laser time-resolved spectroscopy tech-
peratures indicates that other energy transfer processes are niques have been used to determine the characteristics of
becoming important in this temperature range. both host-sensitized energy transfer and energy migration

The origin of the different types of crystal field sites for among activator ions in YNO4:Nd' * crystals. Understand-
the Nd' * ions is not known but such site multiplicity has ing these processes is of fundamental importance in the use
been observed in this system by previous investigators. 6 It is of this material in laser and phosphor applications.
well known that a major problem with yttrium orthovana-
date crystals is the presence of imperfections introduced dur- ACKNOWLEDGMENTS
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A pulsed. tu~nable dye laser was used to selectively excite Nd" ions in nnequialer..-
crystal field sites in NdAl( 1BO3 1, cnstals and energy transfer bet',ecn ions in differcnt

types of sites was studied by tnonitonng the time evolution of the fluorecente spetrum
The results show that the energy transfer rate vanes as t ' 2 and increases wtth tempera-
lure. The predictions of vanous models of phonon-assisted energ, transfer are .ompared tw
the results.

1. Introduction

Neodymium aluminum borate, NdAI 3 BO3)1, is one of the several
"stoichiometric laser materials" which have gained recent interest due to their
use in minilaser applications 11,21. In these materials a high concentration of
Nd) ions can be present (5.43 X 1021 cm- 3 for NdAI3(B0 3 ),) without strong
concentration quenching of the fluorescence emission. Since these materials are
relatively new, there are still many aspects of their physical properties that are
not well characterized and understood.

NdAI3 (B0 3 ), (NAB) has a complex cr-stal structure %kith marked deviation
from inversion symmetry and significant isolation of the Nd polyhedra 13.4.
-he strong odd-panty crystal field admixture of the f and d configurations

results in a short radiative lifetime and the highest cross section of an Nd
material. Although laser action has been observed in NAB, the spectroscopic
properties of the material have not been well characterized [5,61. One property
of special interest which has not been investigated is the interaction between
Nd'3 ions which may lead to fluorescence quenching.

We report here the results of a study of energy transfer among Nd 3  ions in
NAB crystals. Time-resolved site-selection spectroscopy techniques were em-
ployed to determine the magnitude, time dependence, and temperature depen-
dence of the rate of energy transfer between Nd 3  ions in nonequivalent types
of cr'stal field sites. Several possible interpretations of the results are dis-
cussed.

0022-2313 81, 0000-0000, 502.50 t- 1981 North-Holland
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2. Experimental techniques

The samples consisted of small single crystal pieces of NdAl 3(BO3 4 . These
were mounted on the cold finger of a cryogenic refrigerator capable of varying
the temperature from about 10 K up to room temperature. A bHock diagram of
the experimental apparatus is shown in fig. I. A nitrogen laser-pumped tunable
dye laser was used to excite the sample. Using rhodamine 6G, a pulse of less
than 10 ns in duration and about 0.4 A halfwidth was obtained. The sample
fluorescence was focused onto the entrance slit of a one-meter monchromator
and detected by a cooled RCA C31034 photomulhiplier tube. The signal was
averaged by a boxcar integrator triggered by the laser so that either the
lifetimes or the fluorescence spectra at different times after the excitation pulse
could be recorded.

The wavelength of the dye laser excitation light was approximatel 5920 ,
which is absorbed in one of the higher excited states of the Nd -* ions. After
relaxation of the 4 F, metastable state, the emission to the various cornpo-
nents of the '1,,2 ground state manifold was monitored. The lifetime of
fluorescence was found to be 20 )±s and independent of temperature between
10 and 295 K.

The fluorescence spectrum of NdAI(BO,). at II K in the region from 8780
to 8940 ,k is shown in fig. 2 for two different excitation wavelengths. The lines
from each transition exhibit a significant amount of structure and the domi-
nant structural components vary significantly with excitation wavelength. The
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, 1

Fg 2. Fluorescence spectra of NdAI Ij BO ). ati I K for tmo different excitation wJ..lengths

relative intensities of these peaks vary in a uniform, continuous way between
the two extremes shown in fig. 2 as the laser wavelength is scanned from 5919
to 5925 A. This structure can be attributed to the presence of ions in slightly
different t.pes of crystal field sites. Bv tuning the dye laser wavelength. ons in
specific types of sites are selectively excited. Energy transfer between ions in
spectrally different .ites can be studied bv monitoring the time e~olution of the
fluorescence spectra after the laser pulse. Fig. 3 shows the spectrum at two
times after the excitation pulse for a specific excitation wavelength at low

_ 2 -

Z "-

z
. - - us

8820 teO 8oC eS.j

1 g. 3 Iluorcscence spectra 1" NdAI B), i., at I I K at t,%o ,ttes after the exUi.tjion pulse
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Fig. 4 Ratios of the integrated fluorei.cence inten:tties of tvattor .nd ensattzer traniton .as a
function of tine after the excitation pulse at I I K and 40 K See text for explanauor ,f thcoftrO.,L1
lines

temperature. At short times, the high energy components of the transitions are
dominant; as time increases the low energy components grow in intensit,, w: th
respect to the high energy lines.

The quantitative analysis of energy transfer from Nd& ions in sites
producing the high energy transitions (sensitizers) to ions in sites resulting in
the low energy transitions (activators) can be obtained by plotting the time
dependence of the ratios of the integrated fluorescence intensities of the
actixator and sensitizer transitions. The results are shown in fig. 4 for I and
40 K. At higher temperatures the lines are broadened to the extent that the
transitions from ions in nonequivalent sites cannot be :solved accurately. The
solid lines in the figure represent theoretical fits to the data discussed in the
following section.

3. Interpretation

The time-resolved spectroscopy results can he interpreted using the phe-
nomenological rate parameter model s hown in fig. 5. The -sensitizer- ions are
those in the site preferentially excited by the laser at a rate W,, %hereas the
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found to be inconsis tent Aith the data ho,,ki ii fio. -Thle third mec:hani:m
ca.n hce applied to either inJe-steg or inulutep tr-anster. Fr a nl-tr
Process thle expression for the enerey, transfer :ate ;n eu. 6; %Aoud the %kirtten
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dependence is not) consistent wxith populaiting he first cxcited e~lof the

Ur nd state manifold of the acti,-itor. E£ 6 bCDn.- A -,Uahitdtte fit !1o thle
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component of the metastable state o1 the sensitizer. H1cwever. the room
temperature speetrunm shows that the h-1I transition is less intense -.han the

I :ransitioti ind thus. energy transfer snouldl .ot increase as the hs ie, Cl
becom;ies populated from the a level j9I.

-ne most consistent fit to the data is found from the one-dimensionai
random -kaik theor% descr-:bed !)v e.xrressin-' eq. (Q a>, i unt secr the
thermiall% activated tran.sitions 1it1 oisCd :n the ;inieration If the aum is -)
)lified to(- include oni'v the terms :'or the 'round -tat anmue :irst !Xcitcd
component the energ transfer rate is
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Figure 1 shows examples of the fluorescence. For all of the samples the

selectively excited spectra evolves with time toward the broadband excited
spectra. The fluorescence decay times vary across the emission band and the

amount of variation is different for each sample and becomes less at high
temperatures. The lifetimes measured at the peaks of the emission bands at
12 K are listed in Table 1.

The results described above show that laser excitation selectivity excites

Nd3+ ions in different types of local site environments and that energy transfer
takes place between ions in these different types of local sites. The function
describing the energy transfer can be written as [2].

a(t) ')2 [l(wt)-l(w,-')]d y w 2 [l(w,o)-l(w,-)]dw.

WY

ED2

/

/ ,."j

LG

LP

I NP

12 1,4 16

Figure 1
Normalized emission spectra at 12 K -broad band excitation; .... laser
excitation at short times (10 us for ED2, LG, and LP and 1 jis for NP); --
laser excitation at long tines (400 us for ED2, 600 us for LG, 300 us for LP and
50 vus for NP). 94



a(t) can be approximated by an exponential curve with the e-1 time given
by the values of a listed in Table 1.

The rate of energy transfer between two Nd3+ ions separated by a distance
R can theoretically be estimated by:

P= ( 1 )(2/3) (2I/h). e4/R6 L Z 0 A J<JA I lu (0 1Jl->l2
(2JA+1) (JB +t-2,4,6 A

x z 9t I< I I" I j->1 2 .
t=2,4,6

This assumes a resonant electric dipole-dipole interaction. L is the integrated
spectral overlap and the line strengths are expressed in terms of the Judd-Ofelt
parameters ft and the reduced matrix elements of the unit tensor operator. The
matrix elements and Judd-Ofelt parameters were calculated from spectral data and
the results were used in Eq. (2) along with estimates of average values of R ob-
tained from the known concentrations assuming uniform distributions of Nd ions.
The spectral overlap integral in this case involves all of the transitions
between the various Stark levels of the excited state and ground state mi-ifolds.
This is proportional to the extent of splitting of the J-manifolds whicL can be
approximated by the effective linewidth 6Xeff 3 and these are listed in Table
1. Note that 6Xeff is actually measured for the 4F3/2 4111/2 transition but
this is proportional to the effective width of the 4 F3/ 2  414/2 transition 3.

1 . I O
" 

*

D2-2

01

10 p(AJJ 10  10

Figure 2

Measured energy transfer and quenching rates at 12 K plotted versus theoretically
predicted electric dipole-dipole energy transfer rates.

As a rough approximation we assume the variation in 6v from sample to sample is
proportional to the effective line widths (3). In Fig. 2 the measured values of
O- at 12 K are plotted versus the predictions for P expressed in arbitrary units.

a-1 varies uniformly with P from sample to sample which shows that the glass com-
position effects the strength of the energy transfer through L and 9.

Another parameter of interest is the radiationless quenching rate Q- =

"fl
-  

- Trad-i where Tfl is the fluorescence decay time and Trad is the radiative
decay time. The values of Q-1 at 12 K are plotted versus P in Fig. 2. The vari-
ation of Q-1 with P is the same as that of a-l which indicates that the physical

[ 95



processes causing the differences in a-l from sample to sample have similar

effects on Q-1 .

The temperature dependences of a are quite different as shown in Fig. 3.
Since the-e are several different physical processes which can contribute to the

temperature dependence of the energy transfer rate it is difficult to give a def-

initive interpretation to the observed results. One possible interpretation
which is also consistent with the different spectral characteristics seen in Fig.

1 is the following. Energy transfer in the NP and LP glasses may be associated
with single-phonon assisted process involving stimulated phonon emission whereas

the transfer mechanism in the LG glass may be a single-phonon assisted process

involving spontaneous phonon emission. The behavior of the ED2 glass can be ex-

plained either by two-phonon assisted processes or enhanced absorption transition
strengths due to thermally populating higher Stark components of the ground state
manifold. Further studies are currently underway to correlate energy transfer

properties with properties of the glass hosts with different compositions.

2 0 0 E . -

LG------------------

0 100 200 300
T(K)

Figure 3

Temperature dependences of average ion-ion energy transfer times.
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V. MISCELLANEOUS STUDIES

The manuscript in Section V.1 describes the results obtained using photo-

acoustic spectroscopy techniques to determine the quantum efficiencies of

several different Nd' doped samples. In Section V.2 results are presented

on the spectroscopic property of ruby crystals under hydrostatic pressure.
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Radiationless decay processes of Nd3 + ions in solids
Richard C. Powell, Dean P. Neikirk. and Dhiraj Sardar

Department of Physics, Oklahoma State Uniteruity. Stillwater. Oklahoma 74074
(Received 8 August 1979; revised 31 December 1979)

Laser photoacoustic spectroscopy measurements were made on Nd" ' ions in garnet. vanadate, and
pentaphosphate host crystals. The variations of signal intensities with chopping frequency of the
incident light are not in agreement with the predictions of standard photoacoustic signal generation
theory. The results are distinctly different for concentrated and dilute Nd-doped crystals, indicating
that the mechanisms for generating heat have different characteristics in these two types of samples.
The determination of radiative quantum efficiencies of these materials by photoacoustic spectroscopy
techniques is also described. These results are compared with those obtained by other methods.

INTRODUCTION all three of the lightly doped garnet samples, a Y'" dependence

Photoacoustic spectroscopy (PAS) techniques have recently was also observed as shown for Y:iAlOiz:Nda+ in Fig 2.
received a great deal of interest as a method for characterizing However, for the concentrated neodymium gallium garnet
radiationless relaxation processes of ions in solids.1-- We sample the PA signal was observed to vary as v1-11 throughout
describe here the results of PAS investigations of Nd:+ ions the entire frequency range. For the pentaphosphate crystals

in several different types of host crystals. The data is inter- the 10% Nd sample exhibits a PA signal intensity which varies
preted in terms of radiationless decay. concentration as v-'over the entire frequency range while the 13A signal for
quenching, and energy migration processes and a method for the 100% Nd sample varies as PL up to about 450 Hz and then
determining the quantum efficiencies of the samples is de- varies as at higher frequencies. Samples with interme-
scribed. Problems with understanding the signal generation diate Nd concentrations have PA signals which var, as v,-
process with laser excitation, and problems with the accuracy where n is intermediate between 1.0 and 1.5.
of quantitative measurements are discussed. Understanding the results described above poses a difficult

Our experimental setup for PAS measurements has been problem in the light of current theories for photoacoustic
described previously. '1.4 The only difference for the work signal generation. Three parameters are necessary for the-
described here is that the individual lines of an argon ion laser oretical analysis of PA measurements: the sample thickness
were used as the excitation source. The laser power was 1. the optical penetration depth l,,p, and the thermal diffusion
continuousl. monitored and stabilized at a level of 0.15 W. length /th. For the samples investigated I is between I and
The exciting light was chopped at frequencies varying from 2 mm. The optical penetration depth is characterized as 1/(y
110 to 270) Hz and focused onto the samples which were where a is the absorption coefficient at the wavelength of the
placed on the quartz exit window of the PA cell. The micro- exciting light. For the laser line used for excitation, 1,,,, ::F
phone was mounted at 90° to the exciting light and behind a the order off 80 mm for the lightly duped samples and ap-
baffle to prevent.scattered laser light from reaching it. The proximately 0.7 mm for the concentrated Nd sample,_ The
signal was sent through a preamplifier to a lock-in amplifier former (l,,1 > 1) is the "optically thin" case while the latter ,
and read out on a digital voltmeter after adjusting the lock-in < 1) is the "optically thick" case.
phase for signal maximum. The signal to noise ratio was The thermal diffusion length is given by h =
better than 10) to 1 in all cases and the measured background where d is the thermal diffusivity. For garnet crystals'i 4 is
cell signal was at least 200 times smaller than the sample PA about 5.0 X 10-2 cm 2s-i , whereas in NdPOt., j is anisotropic
signal. with the largest value being about 7 1.0 X 10-2 cm2 s -. The

The samples investigated were all single crystals between thermal diffusivity of YVO 4 should be of the same magnitude
I and 2 mm thick and between 5 and 10 mm on a side with as that for the garnets and pentaphosphates. Thus for the
polished faces. Three types of samples were studied: the range of chopping frequencies investigated, lh varies from
garnets Y:iALAOi (0.85% Nd), Y3Ga.O, 2 (0.25% Nd), about 55 down to 10 pm. For all samples lh << 1, which is the
Y1(Al,15Ga,) 5 ,O12 (0.85% Nd), and Nd:iGasO 2 ; the vanadate "thermally thick" case. Also, Ith < 1,,, for all samples inves-
YV0 4 (2.0% and :3.0% Nd); and the pentaphosphates tigated.

Nd, Y-, P,O,4 with x ranging from 0.1 to 1.0. For a thermally thick case with lh < lI, as investigated here
Two types of experiments were performed: the measure- the Rosencwaig-Gersho (RG)8 theory predicts that the PA

ment of PA signal intensity versus chopping frequency and signal intensity will vary as v,-:". Only if Ith> Iw should a P,-
the determination of quantum efficiencies, dependence be observed. Obviously there is a striking dif-

ference between these theoretical predictions and the data
shown in Figs. 1-3 for the lightly doped samples. A possible

1. PA SIGNAL VERSUS CHOPPING FREQUENCY explanation for this discrepancy is the difference in dimen-
The PA signals at maximum phase were recorded at 12 or sionality between theory and experiment. The RG theory is

more chopping frequencies v, after excitation with the 5145-A based on a one-dimensional model where the thermal gradient
line of the argon laser. Examples of the results are shown in at the boundary between the excited surface and the gas
Figs. 1-3. For both samples of YVO4:Nd 3. , the PA signal causes uniform heat flow back into the cell. In the experi-
varies as ,- throughout the entire range of frequencies. For ments described here only a small area of the total sample
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FIG. 1 Ph, oacoustic signal intensiy as a function of chapping frequency 2 (0.85.No) '. .
for Nd-dopedO YV04 crystals.%
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surface is excited by the laser and the heat is generated in a VC (Hz)

cylindrical volume within the crystal. Near the front surface Fn. 2. Ptloacoustic signal ntensity as a function of Choppig frequency

the dominant temperature gradient is still that between the for Nd3+ ions in garnet crystals.

sample and the gas, and the heat generated in this region
diffuses to the surface and contributes to the PA signal as in Fig. 4. For the lines of the argon laser used for excitation.
predicted in the one-dimensional model. However, in the absorption occurs in either the 4G, 2 or 2 levels at energies

intrio reionof hesample the dominant temperature gra- asopinour netrth4G, 2 r"G/ evsatnrgs
intrior regionlfthersafrom the heated cylinder. A three- E7 and E6. This is followed by a cascade of nonradiative

dienisionaphotoacoustic theory which accurately models decay processes to the 4F1/2 metastable state. From this level
dimeniona phooacostictheoy whch acuraely odel radativ decv ca ocrateih a at to1( thehevarrosou 1

the details of our experiment has recently been developed.9  r v a r NontaW i t it e a y

The predictions of this theory have been shown to be in ex- multiplets with branching ratios bsi. Nonradiative decay

cellent agreement with our data with no adjustable parame- processes within the 41 term return the ion to the ground state.

ters.The metastable state can also relax through direct nonradi-
ative processes with a rate WNR or through cross relaxation
transitions with neighboring Nd-' ions. This process is

II. DETERMINATION OF QUANTUM EFFICIENCY generally referred to as concentration quenching and occurs

The accurate determination of absolute quantum ef- at a rate Wx. The quantum efficiency, probabiliy of non-

ficiencies of ions in solids has been an experimental problem
of interest for many years. It has been hoped that PAS 0
techniques will provide a method for doing this and we de- 100

-ribe there the results of measuring the quantum efficiencies 80100% NdXyl-. P5014
of the neodymium-doped crystals. The maximum PA signal 60
intensity and the phase at signal maximum were recorded for 40l
excitation wavelengths of 4765 A and 5145 A at chopping 40
frequencies of 312 and 1000 Hz.

The PA signal at phase angle 0 can be described by 20

1.0 ) = C(PIE) Z kb,Ej cos[h + tan-'(21rv,) - 1], (1) 1 10%
iCj 8-

F 4 -312
where P. and E. are the power absorbed and the energy of the VC

level where absorption occurs. C is a factor accounting for the -, 4

properties of the cell and detection system, and ol' is the
probability for a nonradiative transition between levels i and 2
j separated by energy Ei. where the initial state has a lifetime 20

rt. The summation is over all relaxation processes that occur
after absorption. is the phase shift due to the de(ection 100 200 400 1000 2000 4000

process. VC (Hz)

The summation in Eq. (1) can be evaluated by considering FIG. 3. Photoacoustic signal intensity as a function of chopping frequency
the energy-level scheme and transitions for Nda + ions shown for Nd.YI-Ps0 1 4 crystals.
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20E6: where QE + PvU + y

-8 All of the sample properties needed for Eqs. (1 )-(5), such

16________ as energy levels, branching ratios,' and lifetimes are known

14 for Nd:I+ ions in Y:tAlrOi 2, YVO4, and Nd, Yj 5 P.,Ot4 crystals.
- Since only the 4F:I/2 level has a long enough lifetime to cause

E 12~ a phase shift in the PA signal, the evaluation of Eq. (1) with
0 10 the model of Fig. 4 gives

81 P76 R4 1 -,, 1.U) = (](PVE,i0lE..cusO -()

lb5 . w 111 + (Era - hQE)cosiP + tan'(2ri',,; -- fijI, (6)

3- _4 312 where

E d - -92k E,11 - h-54E.I1 - h5.,E 11 - bs2,E, 7)

FIG 4. Energy levels and transitions for Nd3+ ions. and rr is the lifetime of the level.

One of the problems in making absolute photoacoustic in-
tensity measurements is the determination of' the factor C

radiati% e decay. wUtd probability of concentration quenching reesnigcladsytmepoechatrsis.T
ot he metastable state are given by rpeetn eladsse epnecaatrsis J

ofeliminate this factor we took the ratio of PA signals at two
Q~E = W,,../t W + W-Vi + W\.). (2) different excitation wavelengths. If we assume that the re-

PNI= \ 1(~ + W.,'R + W.<) 13 sponse characteristics of the system are approximately con-
P."r/ = .. , /( t'jjstant, at least over a limited spectral region, the unknmown

,V= VV.V iIV 5 + W.Vl + w., (4) factor cancels out and upon solving for the quanitumn elficiencv
gives

AE-mcosi -07) + .4E-.,cosj + tan-.42-1rlv 75) - - E.;.scos( - 00; - Ek>,, cosI + tan'1(2-.1', 7-,) - ",,j.8
QE kJA cosj,. + tan- (2r,T.0 - IJhj - cosI'O + tan2-,. 7.-,) - thi

whereI
of concentration quenching. l'olvcrystalline po~wders of

)(=h.~ ~E,/ 7 )(P/Id. 9 Y:,AlrOI.:Nd have 6een found to have a quantum efficiency

Thle phiase shift dute to equipmeltnt response porses another close to LU but this is greatly reduced when single cr 'ystals are
probilemn. This was handled hy deriving a second equation fortned.1 1 This has been attributed to crvstal defects acting
tiound from maximizing Eq. 16) with respect to 1) and again as quenching centersJ" andl thus explains the apparent dis-
.,lving for quanitum efficiency: crepancy between measured values and theoretical predic-

I 1 si( tions.
kW sin- + tan'(22rv,.r5) - + A 1 + (10) The results obtained for the 2.0% and 3.0% Nd-doped YV0 4

k I~kcrystals give quantum efficiencies of 9.59 and 0.54. respec-
Similar equations exist for the two different excitation tiey1acltosbyJd-fl hoy 6 peita

wavelengths. These two equations along with Eq. (8) can be
solved simultaneously in an iterative way to obtain a unique TAL1.Oaurefienes
value for QEF. To check the uniqueness of the result, the TBEI unu fiinis
procedure was repeated for data obtained at both chopping QE

frqece.Sample PAS method Other methodAs Reference
The quantum efficiencies obtained by the above procedure Y:iAIkI 2  ().91 (10)

are listed in Table 1. Y.3AAl5Ov2:Nd was the only one (of the 0.56 (11)
garnet samples analyzed because some of the important pa- (0.85% Nd) 0.60 0..18 1121

rameters, such as branching ratios, are not yet established for 0.63 :)
the gallium garnet and mixed garnet host crystals. A value YV0 4  -0.72 115 1
of 0.f0 was found for the quantum efficiency of Nd3 + in this (2.0% Nd) - 0.59 0.53i)

host. This is much smaller than the value of 0.91 that is (3.0% Nd) 0.54 0.51 a

predicted by Judd-Ofelt theoretical calculations.tlI However, Nd, Yl,JP50141 0,40 (1))

it is quite close to the value of 0.56 obtained by Singh et al. 12 oooX% Nd) 0.45 0.50 Oil
50%, Nd) 0.60 0.66 (b)

bv direct measurement techniques and the values of 0.48 and Oul Nd) 0.90 1.0( ib
0.63 obtained by using indirect laser-pumping techniques. 1:1,4

The variations in measured values may be due to samples (a) Fromi Iirtime measurement& end the radiative lftiremeof, (15).

having different Ndt'+ concentrations and thus different levels 1h) Frim lit-ime quenching measurements oft (4).
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value of 0.72. For the relatively high concentrations of Nd described in this paper the important point is that in true

in our samples. concentration quenching will lower the mea- three-dimensional heat flow inside the sample, some of the

sured QkE from this theoretical value. Use of the calculated heat that is predicted to reach the surface in a one-dimen-

radiative lifetime and our measured fluorescence lifetimes sional flow model will actually never reach the surface within

predicts values of QE of 0.53 and 0.51 for our samples. No a duty cycle of the experiment. McDonaldt5 has recently

direct measurements of QE for Nd in YVO 4 are available for developed a three-dimensional photoacoustic theory based

comparison, on a point source lying on the axis of a cylindrical sample.
The new theory developed by Chow' gives a rigorous result

For NdPr, O14 crystals a value of QE of 0.45 was obtained, for arbitrary beam profile. This theory is the most appro-
which is close to the value obtained by Auzel et al. I7 through
relative PAS measurements on powdered samples. The priate one for comparing with data obtained from our exper-

combination of this result with the measured concentration imental geometry and the good fit that is obtained indicaes

quenching of the fluorescence lifetime' predicts a QE for the that these data are affected by the three-dimensional aspects

evel in the absence ofconcentration quenching in this of the experiment. The data of Quimby and Yen' can also
be fit well by this theory.

* vstem of 0.1.l This is consistent with the values of QE found
r lihtl dped , as . nother ossiility fr interpreting the results could lie the

recl iieasurements of quantum efficiency in this system is dominance if he thermal expansion contribution t. the PA

available for comparison. signal. - This term will dominate only ift li >> , Tt.
where l,r- is the thermal expansion coefficient, p, is the ther-
meal diffusion length in the gas, 1, is the sample thicknes., and

Ill. DISCUSSION AND CONCLUSIONS 'o is the ambient temperature. For an air-filled cell at a

The results presented here on the frequency dependence frequency of 1I) Hz. 2.5 × 1U)- cm. For T, = :,t J N and

of the PA signal intensity on a variety of lightly doped and a pical sample thickness of'0.15 cia, the right-hand tde (f
samples show that there is still much work to the inequality was found to be about 5 X 10-: K-1. Since the

inavil, dopedvelopng an that theretil ducripto thermal expansion coefficients of the type of materials in-
bw done in developing an accurate theoretical description t etgtdhr 2 aeo h re f7' 0 ( h n

PA signal generation under typical experimental conditions. vestigated here1 are of the order of" × 10-' K
- ' the in-

An attempt was made to better simulate the one-dimensional equality does not hold and thus thermal expansion ina;es a

model upon which theoretical calculations have been based negligible contribution to the PA signal.

by using a lens to disperse the incident laser beam over most The method of measuring quantum efficiencies by phi-
of the .,ample surface. However, when this was dqne a very toacoustic techniques appears to give results generally con-
different frequency dependence of the signal was obtained sistent with other predictions and measurements. The pro-
which was less than linear over most of frequency range, cedure of eliminating unknown system-response propertie,
reached a maximum at about 400f Hz. and decreased at lower by obtaining the ratio of PA signals at two different excitati,,
frequencies. This erratic dependence appears to be due to wavelengths was first suggested by Rockley and Waugh-2 for
scatti-red-light aid cell-surtace effects. The experiments were determining the Qi' of* organic dye molecules. '-.s- ,ther

again r-peated . ith no lens used. resulting in an excited area attempts have been made to obtain the QIE of Nd " ions in

of about 1 mm in radius. I'he results obtained under these solids. Auzel et al. I7 studied powdered samples of cmcen-

conditions are the same as those shown in Figs. 1-:1. Finally, trated stoichiometric neodymium materials and eliminate-d
to ensure that scattered light was not affecting the results equipment response factors by forming a calibration curve
obtained with small-area excitation, the laser was tuned to from samples of known quantum efficiencies. QuimhY anid

488 0A. l'his wavelength of light is not absorbed efficiently Yen ' investigated Nd :1 in a glass host and eliminated the
by Nd ions and, therefore, the sample PAS signal should be problem of equipment response factors by measuring lifetime
essentially zero while the scattered light signal should be ap- and PA signal changes on a series of samples with different

proiximately the same as for the 5145-A excitation. It was concentrations. Their results extrapolated to very low con-
found that the scattered light .ignal was approximately one- centrations imply that the QE for this system is between 0.65

and-one-half order of magnitude imaller than the smallest and 0.75 depending on the Nd sites selectively excited by the
sample PAS -ignals. It should be emphasized that the spec- laser. These values are less than the value if 0.9 measured
lilar reflection from the polished sample surface came back by other techniques and theoretically predicted.2' - The
out through the front window of the cell and was measured to chopping frequency used in this previous work was oniv 22 Hz
be approximately the same for both excitation wavelengths. and this eliminated the necessity for treating the phase-shift

These experiments indicate that experimental artifacts such differences of the PA signal generated by phonons given off

as scattered light are not affecting the data. Also for samples in different relaxation processes. For our experimental setup

of the type investigated here the small-diameter laser beam we found that the signal to noise ratio decreased below about
appears to be favorable to the dispersed excitation source and 100 Hz and thus in our case more accurate data could be ob-
it is important to further develop theoretical models to ac- tained at the higher chopping frequencies. Experimentally
count for these types of experimental conditions, this problem of phase-shift differences could be eliminated

by pumping directly into the IF4.,. level.
Recent work has been presented which accounts for some "

if the three-dimensional aspects of the heat flow problem.)' The most significant problem in the method of obtaining
The results of (quimby and Yen' indicate that no matter QE's described here is the accurate determination of the pa-
where the heat enters the cell from the sample, the one- and rameter A- given in Eq. (9). A change in this parameter by an

three-dimensional models are equivalent as long as cell-wall amount of only 0.01 can change the value of QE by about 0.10.
effects are not important. However, for the experiments For the type of samples studied the ratio of PA signal inten-

459 J. Opt. S.o-. Am., Vol. 70, No. i. Mji '11so -101 Powell et at. 489



sities can be measured accurately and the ratio of the energies expansiio of Y ')1 . Y1Al 4,O,... and LaF 'in the range 77* .tiXJ K."

of the excitation lines is known exactly. The problem is in .J. AppI. 1Phv.,. 39, 1603-1607 11967).

accrael deerinngtheraioof hepoerabsorbed at the 7S. It. Cliinn afd W. K. Zwicker, "Thermal conductivitv and specific
accratly eteminngtherato o th poerheat of NdP5UI14." .1. App[. Phys. 4%. 5892 r4I95 4197oh).

two excitation wavelengths. The major difficulties arise in "A Riosencwaig and A. liersho. 'heiry ioi the lifhotuAiciuStit effect,

measuring the amount of light scattered at the cell window with solids. . AppI. l'hys. .17, 6.1-6i9 11976;).
and sample surface and in determining the exact absorption 9H. C. ('how (unlpublished).

coefficients for sharp absorption lines at the positions of very 1"'. S. Liiheim and L G. lDeSliaze,.New ProcedureoI D~etermining
bandlasr lnes Ths te vauesof E qote in Neodymium Fluorescence Branching Ratios as Applied to 25

narrow bnlaelie.TuthvausoQEqodin Crystal and Glass Hosts," Opt. Ciommun. 2t, 89-94 1197lip.

Table I should be considered to have an error range of as much I' 1W. . Krupke, "Radiative Transition Probabilities Within the 4/:1

as * 0. 10. Ground Configuration of Nta:YAG," IEEE .J. Quantum Electron.
7. 1 r.l- 159 (197 1).

In conclusion, PAS techniques can be used to obtain in- 12S. Singh, It. G. Smith. and I. G. Van Uitert, "Stimulated -emissionl

formation on radiationless relaxation processes of ions in cris section and fluoresicent quantum efficiency of Nd 1 in vttrium

solids. However, it is important to develop-better theoretical aluminum garnet at room temperature.". l'hvs. Rev. H 10, 2!566-
2572 (19' 4).
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V .2 ..

EFFECTS OF PRESSURE ON TH7 SPECTRA AND LIFETIMES OF RUBY

A1203:Cr results and interpretation

The change in the fluorescence lifetime of the R lines of the ruby sample with pressure
is shown in figure 5. Despite the relatively large scatter in the data inherent in making

I I 1 I I I I

S S

E0

20

Figure 5. Pressure dependence of the lifetime of the R, fluorescence in ruby.

measurements on such a small sample, it is clear that the lifetime increases with increasing
pressure. All decay curves were observed to be single exponentials. It is not clear at this
time whether these results are due to a decrease in the radiative or non-radiative decay
rate of the :E levels of Cr- with increasing pressure.

The detailed fluorescence spectrum of ruby observed at one atmosphere has been
reported previously (Powell and Di Bartolo 1972). The peaks at 7017 A and 7049 A are
the N, and N, lines, respectively, arising from exchange coupled pairs of Cr3' ions. The
peaks at 6977 A. (985 A, and 6996 A also arise from pairs, whereas the longer-wave-
length peaks correspond to vibronic sidebands of the Rt transition (Kushida and Kikuchi
1907). The pressure dependence of the peak positions is plotted in figure 6 with approx-
imate rates of change of the line positions with pressure listed in table 3. It can be seen
that N3 is more sensitive, to hydrostatic pressure than N2, which is consistent with the
uniaxial stress data of Mollenauer and Schawlow (1968). This difference has been
attributed to the details of the interaction between third-nearest-neighbour pairs giving
rise to N, and fourth-nearest-neighbour pairs giving rise to Nz.

For vibronic lines, table 3 also gives the pressure-induced energy shifts relative to
the R, line shift. These shifts in phonon energies can be used to estimate mode G riineisen
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Figure 6. Pressure dependence of the long-wavelength side peaks of the R fluorescence of
ruby.

Table 3. Pressure shifts and Gruneisen parameters from the long-wavelength side peaks of
the rub-, R Iluorescence.

Positions at 1 bar

- d ~ Ji', Jiv
,;1 Vi, dP dP dP

A) (cm') cm) (cm- kbar -
) lcm- kbar Y

t,977 14333 72 -U.82 = 0.03
0985 14316 89 -

6996 14294 111 -(0.88 = (.03
Nz) 7017 14251 154 -0.87 = 0.03

N, ) 7049 14186 219 -1.08 = 0.03
'076 14132 273 -0.86 0.04 0.11 --0.04 1.0 = 0.4

7134 14017 388 -0.86 t 0.03 0.11 t 0.03 0.7 ± 0.2
7148 1399 415 -0.99 t 0.03 0.24 t 0.03 1.5 - 0.2

"164 13959 446 -1.14 t: 0.04 0.39 t 0.04 2.2 (1.2
71h6 13916 489 -0.98 t 0.06 0.23 0 o. 06 1.2 1.3

7208 13873 532 -0.96 t 0.08 0.21 ± 0.08 .U 0.4

parameters from the equation

a In w, BT ( 7)
a, =ln V 1, 8P (7)

where BT is the isothermal bulk modulus which is about 2.57 Mbar for ruby (Finger and
Hazen 1978). The mode y's obtained from equation (7) and the observed data are listed
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in table 3. These are difficult to compare directly with other types of data due to !he

uncertainty in identifying the vibronic peaks with particular points in the LBrillouin zone.

However, the values obtained here tall in the same range as the Al(); mode :'s

determined from the pressure derivatives of elastic ,noduli (Gerlich 19701

The pressure variations of the lifetime of the ruby R lines and the positions of the N

lines and vibronic peaks demonstrate the variety of effects that can be studied with

pressure techniques. The lifetime change most probably reflects changes in the nature

of the cr~stal field. The different variations in the p ositions ot the NI and N: lines reflect

chanies in the exchange interactions between the pairs of (r:" ions. The chan,:c in

vibronic peaks can be attributed to changes in the lattice phitons %ith incrtfased

pressure. All of these areas warrant further study. but it is obvious that tile applicaton,

ot hydrostatic pressure can provide a ,reat deal ot useful information on tile spectral

dynamics of impurity ions in solids.

F inge r L 55 an d tiaz ni i , 1 -,t i Ys j . . "t l , y. 49 5 .";23
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APPENDIX

DERIVIATION OF SUSCEPTIBILITY FO

A TWO LEVErL :E:

C ;rnsiider an ab-sorbing media wh-'ch will h= mcdeled as a-n array. of -wc

-e 'el atoms that can b-e characterized by ipole moment ;and cctra

and transverse relaxation times t*ar.d4 t), res-pectlve.y. .ne can :er

4er--:e the sus:entibilitv X, where P X,7)1::,

zucose --hat a zcuantun mechanical system is in stat-e r,) ne

can exc-and )kr,,.) as rt)= C ~t~',r) where '1 (r; are a zc=et=e
-n n nl

ortnconormal set s,- functions and C n -) Ls th"e n tan1:e _cependent _xan-

S icn :Cef f ie nt. An operator .has -expqectation -7a--ue

,A> = 2C
nrn m Mn n

w4nere A AuU

The ensemnble average <A> is ;iven byv -A> =A where

- .2~O or

N;ow consider an ensemble of two-level atoms interactinc with a tamIe-

nar~cicelectrzmagnetic field. The 4ensar'; matrix is a 2x.:mari

A.. A. Yariv, -'uantum Electronics t<>-iley, N~ew ?or?, '975)
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with elements p P 2 2 = 2 The interaction hamiltonian
1,22' 12' 21 ' 12-

H'(t) is of the dipole type, and can be written as H'(t) = - E(t). Since

the dipole transitions are between states cf definite parity, ull = -Z2

0; and the phases of U (r) and U (r) can be chosen such that ;2- = , -

.. One can then write the interaction hamiltonian as

f 0 -E (t)

H' (t) = -uE
u(t) 0

The unperturbed hamiltonian H is given by
0

2 2J

where E 2 is the energy of the excited state and e is the energy of the

ground state.

Thus the hamiItonian H is given by

H = | ~ ) ,(A-2)

W-E (t) a2

The ensemble average <4> of the dipole moment induced by E(t) is

given by

< > Tr (Pi) = (D12 + 21 = 21+21 'A- 

The density matrix satisfies

do *-i r ~.4
dt .T ' "4

which becomes
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PE (t) (2 - l)-WE (t) (P22" iP ) (E2-€ ) 2 1 "
2121) 22 11 2 1);21

(A-5)

E(t) 22-11)+ -el) 121 t)21- t2

21
Defining the resonant frequency w o 1, it follows from (A-5)

0

that

dt21

dQ2 +U E(()

d to 2 ,L t ( P * ),A - 7 )

dt = 21- 21

and using the normalization condition,

d2i
(Ci- 2) = i'1E(t) (o21-0*i) -a

dt ('11Q2 h 22

The above equations of motion for the density matrix do not include

collisional effects. When the perturbing field E(t) is turned off, one

expects the off diagonal terms in the density matrix to vanish as the

relative phase coherence among the eigenfunctions -;f the ensemble is lost

via collisions. These collisions will conserve the average eneray cf

each level, but cause a loss of information about the phases of the

wavefunctions. The jth diagonal element of the density matrlx represents

the fraction of the systems in the ensemble that will give the inswer

when the energy is measured. If one takes into account only col!:is-
J

ions, these will be given by the Boltzmann factors, and the equil.- um

density matrix Z is

108



1.ol

-6 /kbT
1 1

A 2 /kbT)O~ b.

-C /kbT -E /kT

where Q partition function l 2

If the perturbing field is turned off, the density matrices will de-

-
cay back to equilibrium with decay constant t as

d o _k ( Pj k - P j
dt t jk

Because of the normalization condition, for a two-level system the

relaxation times of the diagonal elements must be equal and is called the

longitudinal relaxation time t . Since r- = i the oft diagonal
1' 12 '21'

relaxation times are also equal and is called the transverse relaxation

time t2 . The transverse relaxation time can be thought of as a phase

coherence relaxation time.

After including collisional effects, (A-6) and (A-3) become

d21 i + )Et. 2 (A-9)

dt o 21 f - l 22) 2t2

d (P 2i .E(t) ( 1 22A-10)
-t 11 22 h 21 21 - I

If one assumes that the local perturbing field E(t) is harmonic,

E(t) = E coswt; then if w z w the slowly varying variable 72 (t) may be02(t 0 22(t -1 A-I

defined as

0 21 t) - 21 (t);_ .L; (A-11;2
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Substituting into (A-9), and throwing out the nonsynchronous term 4

which averages to zero, Equation (A-9) becomes

dO21  0 2P

a i(w-w )a + -i (i 2 - 2 (A-12)o 21 2h 11 222

Substituting (A-l1) into (A-10) and throwing out t-he nonsynchronous

,2iut ,- 2 i.t
terms i and 2- which average to zero, one obtains

diE 0 (G ) ( 11-22 (2'i1022( ,~- 2 ) = _ 2 -° 1 - 1 . (A-!3)
t 1.1 -22 1h 21 21t 1

To obtain the steady state solutions to the density matrix, the

left hand side of (A-12) and (A-13) is set equal to zero. The preces-

sion frequency CQ is defined as

',jE
0

2f5

and the steady-state solutions to (A-12) and (A-13) are

- Ctl( l- 22) (W-"Uo )

Re(2) =2 2 2 (A- 4)1 + 4 -z t t' + t2(,. -,o

1 0 2i22

m = 2 122A-15)

12 2
~~1 + (tlt * 22

i-02 )i-2) a -, t 2

%.I 0 = o1122 + 2 2 2 (A-16)

2 2 21

If 14 is the density of active atoms or ions, then 2N = N(U ,)2) is

the average density of the population difference between the two levels,
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and 2N - N(1 -C 22) is the population d;ifference oetween the t'wc levels

at zero field. From (A-16),

1 + (-W) )22

AN - AN 2202 2
1 + (W-w ) t2 + 4C 2 2t1

The macroscopic polarization P is given by

P = N<i-, or, using (A-3),

P N(O + which can be expressed in terms of a as21 21) 21

P = 2N1(Re( 21)coswt + Im( 21)sinwt)

substituting in for Re(a 21) and Im( 21), one may write the polariza-

tion as

i2AIN 2  sinwi + (cio-.j) t~cos(-t
P 2 E 0 ~& . I.722 2____ o 1 2 "

1 + (,-uA t 2 + 4-2 tI

One may now express the polarization in terms of the susceptibi'I;ty

X as

P(t) = (Re(X))E cosut - E (Im(X))E sint
0 0 0 0

:=pari- , with it can be seen from obser-zation that

ReW 2 2.
Re(X) = 2 1 2 2

and

1i1
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2 Z
Ui t AN

2 1Im(X) - 222 2 (A-19)

2 1
0 1 + (W-wo 02+ 4 2'tlt2

Now let k be the magnitude of the wavevector at frequency w. One

can identify 5 , (w-w )t as the normalized detuning from line center;
o2

2 _2

= 2 as the line center saturation "intensity"; and
t:lt 2

la

; N t2k

Ao 2 as the line center small-signal field attenuation coef-
0

ficient.

Using (A-18) and (A-19), one may write the two-level atom suscentib-

ility ': ks

2cz
o (i+3)

X(E) = k -- 2(A-20)k- 2.2 ~

(1 + +
JE i

S,
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